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Sumnlary 

One of the several key issues in the study of solar system objects concerns 

the evolution of Jupiter's Galilean satellite system. Volcanic activity on 10 

and its excess infrared heat flux have been attributed to the tides raised on 

it by Jupiter. The tidal heating is maintained due to eccentricity forced on 

its orbit by the Laplace resonance involving the three inner regular satellites, 

10 itself, Europa and Ganymede. The energy for tidal heating must come 

from Io's orbit but due to the Laplace resonance between 10, Europa and 

Ganymede the energy loss is shared among the three satellite orbits. The 

orbit shrinkage will have the effect of driving the system out of resonance. 

Tides raised on Jupiter by 10 will have the opposite effect as its effect would 

be to expand the orbits of these satellites. The amount of Jovian torque on 

the satellite orbits will determine the direction of evolution of the resonance 

and has been the topic of research during the past decade and the problem 

is still open. 

Accurate measurement of the changes in the mean motion of these satel

lites holds the key to the solution and has been attempted using existing 

observations by various researchers using eclipses behind the planet, pho

tographic and mutual events observed during 1973 and 1979. The mutual 

events are capable of yielding relative astrometric positions at least 811 or

der of magnitude more accurate than the photographic or eclipse behind the 

planet observations. The recent mutual event season of 1991 provided an 

opportunity to increase the data base of observations from 1973 to 1991. 

The present investigation concentrates on the observations, analysis and uti

lization of the astrometric data to obtain the corrections to the constants of 

motion and look for changes in mean motion of these satellites. Chapter 2 

describes the observational set up at the Vainu Bappu Observatory (VBO) 

and the reduction techniques. A theoretical model was constructed to cal

culate the synthetic light curves. The salient features of the model are (i) 
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Calcula.tion of the insta.ntaneouR distance between the satcllit.~s or the satel

lite and the shadow centre using Lieske's E-3 ephemeris, (ii) Computation 

of light loss under the shadow cone or behind the occulting sa.tellite using 

different light scattering laws to describe the light distribution over the sur

face of the satellites. Va.riation in albedo from eqnator to pole and distinct 

features like the regiones and ray craters on Ganymede were also included 

in the model, (iii) Compa.rison of observed and theoretical light curves using 

Marquardt's curve fitting techniques. The method of calculating the Helio

centric, geocentric and .Jovioccnt.ric distal1c('s, light time corrections, allcl the 

model to calculate the light loss arC' describC'd in Cha.pter 3. 

All the light. curves \Vf'l'f' fit.tC'd nsing light distributions given by Lommel

Seeliger's law, Lambert. 's Imv a.nd Millll(lCl't. \; la:v\T. Most of the occult.ation 

light curves were fitted taking into a('('m.mt. the albedo varia.tions. Results 

indicate that in a.lmost. all t.he> caoSeR the fitted impact. pa.rameter derived 

by taking into a.ccount tll(' albedo va.riations wa.s closest to the predicted 

value. This cleal'ly indica.tes that tIl(' relative latitudes predicted by the

ory (E-3 by Lieske) is quit.e accurat.e and further corrections can be effected 

with realistic albedo maps. Comparison of the observed mid times with the 

predictions lea.ds to a residua.l of :::::: -340 km a.long the tra.ck of motion of 

10 relative to Europa. Cha.pt.er 4 ('ont.a.ins the results of the investigations 

of the data from VBO. The light curves deposited by others at the data. 

bank in response to the campaigns PHEMU85 and PHEMU91 by J .E.Arlot 

and his group at. the BUl'(-'au d('R Longit.ud(' (BDL), France were fitt.ed using 

the model developed in t.h<~ preRC'llt. invC'stigation assuming Lommel-Seeliger's 

law. The published a.Rt.romf.'t.ric pORit.ions of t.h(· mut.ual event.s in 1973, 1979 

and 1985 were reconstrnct.0cl t.o d('(itlCC:' t.he impact. parameter cOl1'esponc1ing 

to Lommel-Seeligel"s la.w of light. distribut.ion, and t.he corresponding phase 

corrections. The astrometric. posi t.iOllS ohta.ined from mut.ual occultations 

were combined with phot.ogra.phic ()bservations (1891-1990) to obtain correc

tions (£, /3) to the consta.nt.s of motions of the four satellites introduced by 

Lieske through revitaliza.tion of Sampson's theory. The source code devel

oped by J.E.Arlot at Bureau df's Longit.ude, France using Lieske's routines 

to compute position and pal,tial derivatives of the observable quantities with 
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respect to the constants WHS nsed to <1c'1'i,,<.' the' lWW s('ts of E-(3 values. In 

addition to the new R0t.S of COlT('Ct.iOllS t(~ t.he coust.ant.s labelled 1-32, tIl(> 

(O-C) values inlongitucle W('1'(' ana.lyzed to look for secular variations in the 

mean motion of the satellites. The present investigation yields to a value 

of 21.65xlO-ll for iq/nl where nl is the mean motion of 10. The details 

of the observational data, the fitting procedure and results are presented in 

Chapter 5. 

Chapter 6 contains the compa.nson of the new ephemeris with 

ephemerides obtained by others. The ephemeris reduces considerably the 

residuals in longitude but the residuals in projected sky plane co-ordinates 

are only marginally improvrd. The reason for this may be that mid times 

are determined a.ccurately but the derived impact pal'ameters are uncertain. 

This could arise due t.o impropE'l' ha.d:ground subtraction or uncert,ainty in 

determining the cont.ribut.ioll of tIl<' occult.ing sat. elli t.e. Problems in includ

ing the mutual eclipses with othc'r kinds of da.ta set.s for fit. to the theory 

are discussed ill this chapt.(~r. Further ohI'H.'l'vat,ional plauR regarding mut.ual 

events of Sa.turllian sat-elli te> Hr(' llH'llt.iOllC'd. 

The tables, figures and eqllat.ions are numbered sequentially In each 

chapter with the cha.pt.er number indicat.ed by suffixes. 
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1 Introduction 

1.1 Historical Background 

The principal goal of planetary science in ancient times was to under

stand the origin and evolution of our solar system. Several theories have been 

suggested by various investigators; as early as 280 B.C. Aristarchus of 5amos 

proposed a heliocentric system. This concept which contradicted Aristotle's 

idea of a fixed Earth was however not accepted by people and soon sank into 

oblivion. Nicholas of Cusa (1401-1464) made an unsuccessful attempt to 

convince his contemporaries of the heliocentric theory. The modern concept 

of the universe was advanced by Nicholas Copernicus (1473-1543) in 1543 in 

a volume titled 'De revolutionibus orbitum celestium }ibri VI'. Tycho Brahe 

(1546-1601), a brilliant observer, constructed far more accurate planetary 

tables than anyone before him. His student Johannes Kepler (1571-1630) 

was a keen mathematician. Using Tycho's observations of Mars and his own 

he formulated the three general laws of the motion of the planets. He could 

not however find any underlying expla.na.tion of these rules. Galileo Galilei 

(1564-1642) with his telescope discovered the four major satellites of Jupiter. 

Motion of these satellites ga:ve supporting evidence to Copernican theory. 

Isaac Newton (1642-1727), used the observational results of Galileo to for

mulate his 'laws'. With the help of clea.r ideas and definitions he explained 

the experimental facts concerning mass, motion and force. He postulated the 

force of gravity to be governed by the inverse square law. He could account 

for Kepler's three laws and many other observed features like tides. He pub

lished the mathematical proofs in his famous book 'Philosophiae NatuTalis 

Principia Mathematica' in 1686. The subject of celestial Mechanics was thus 

born. 

An explanation for the existence of the solar system was suggested by 

Rene Descartes (1596-1650) in his 'Theorie des vortex' published in 1644. 

He opposed the idea of vacuum and. suggested that the space was filled 'with 
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whirling vortices to carry the planets. The model was qualitative and did 

not explain the existence of the planets close to the ecliptic and was therefore 

abandoned after the discovery of Newton's laws. 

Kant (1724-1804) and Laplace (1749-1827) proposed the concept of a 

primitive nebula from which the Sun and the planets were born. Laplace's 

theory suggested that the nebula contracted under the influence of gravita

tion with an accompanying increase in its rotational velocity until it collapsed 

into a disk. The planets and the satellites condensed from the rings of gas 

that were shed. This theory explained all the observational facts known at 

that time and therefore was accepted for some time until Maxwell (1831-

1879) pointed out the difficulty in explaining the accretion of a planet from a 

ring of planetoids. Another major problem with Laplace's theory was that it 

failed to explain the observed fact that while 99.8% of the mass is contained 

in the Sun but most of the solar system's angular momentum is contained 

in the planets. The models that seem most acceptable at present are those 

that are derived from Laplace's nuclear model. 

1.2 Highlights of Solar System Studies in the 20th Century 

The last quarter of the 20th century has been most important in the 

development of planetary sciences. Improved ground based technology and 

availability of larger telescopes have helped to probe spectroscopically the 

atmospheres of the giant planets. Correct interpretation of the complex 

spectrum especially in the far IR and microwave region was possible as a 

result of collaboration with laboratory spectroscopists. Advanced technology 

permitted observations outside the earth's atmosphere, increasing thereby 

the spectral coverage. 

The space missions of the Mariner, Pioneer Venus, Venera, Vega, Pioneer 

and Voyager series have relayed back information on the physical properties 

a:nd processes on all the planets except the Pluto - Charon system. 

Each encounter of the spacecraft to a planet helped solve many of the 

issues not understood earlier. Th~ fly-bys also made new ti,ndings. These 

issues are brought to light and discussed in detail in a series of books: Jupiter, 
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1976, ed. by T . Gehrels (Pioneer 10 and 11); Satellites of Jupiter, 1982, ed. 

by D.Morrison (Voyager 1 and 2), Venus, 1983 ed. by D.M.Hunten, L.Colin, 

T.M.Donahue and V.I.Moroz (Pioneer Venus and Venera missions), Saturn, 

1984, ed. by T.Gehrels and M.S.Matthews (Voyager 1 and 2); and several 

others. 

One of the major new findings is the discovery of rings around all the 

four giant planets. In terms of the origin of solar system this is significant. 

Saturn's rings were discovered by scientists in the 17th century, but infinitely 

more details of the structure were diScovered from space missions. U ranian 

rings were first discovered serendipitously during an occultation event in 1977 

closely followed by the discovery of Jovian ring system by space probes in 

1979. More details of the U rani an ring system were found from Voyager 2 

records in 1986, and arcs of Neptunian rings were inferred from occultation 

observations, which were later confirmed as rings of varia.ble surface density 

by Voyager 2 ih 1989. Rjng systems around all four of the major planets 

have changed our earlier concept. Rings around the massive planets appear 

now to be a rule rather than an exception. 

The Jupiter system was first visited by Pioneer space crafts with the 

main emphasis on in situ measurements of the particles and field environment 

along the trajectory. The spacecraft. trajectory provided improved masses for 

all the four Galilean satellites. One of the exciting developments in planetary 

science during the 1970s was the discovery of 10 associated neutral and plasma, 

clouds that surround Jupiter (Brown 1974; Kupo et a1. 1976; Pilcher and 

Morgan 1979). Just prior to the encounter of Voyager 1 with the Jupiter 

system, Peale et a1. (1979) suggested that tidal dissipation in 10 was likely to 

have melted a large fraction of its ma.ss. They further predicted widespread 

and recurrent surface volcanism on this satellite. The existence of volcanic 

plumes on 10 was dramatically c.onfirmed during the encounter of Voyager 1. 

The plumes seen by Voyager ranged in height from 60 to 300 km. 

The Pluto-Charon system is not scheduled to be visited by any space 

craft as yet but considerable new information has come out as a result of 

intensive ground-based investigations in recent years. The major discovery 

which led to further detailed studies was the discovery of its satellite Charon 
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(Christy and Harrington 1978). Harington and Christy (1980, 1981) deter

mined that Charon's orbit is synchronous with Pluto's rotation and is highly 

inclined to the plane of the ecliptic. 

Andersson's (1978) importa.nt rea.lization of a possible occurrence of mu

tual events between Pluto and Charon was very timely. Binzel et a1. (1985) 

reported the first shallow eclipse events. The eclipse season persisted until 

the end of 1990 and over 100 mutual event observations have been reported 

by various observers. Analysis of these events have yieided surface maps of 

Pluto and Charon, revealed information about individual albedos and spectra 

and improvements in Charon's orbit (Buie and Tholen 1989). From Charon's 

IR spectrum discerned from the spectra taken outside and during the total 

events, the presence of absorption feature of water ice and the absence of the 

volatile frosts of CH4 , CO2 , H2S, NH3 or NH4HS, have been inferred. 

Another breakthrough came as a result of a. s~el1ar occultation by Pluto 

on June 9, 1988. Charon during the event was nea~ elongation and therefore 

well removed. The consistent results of the observation was that the star light 

dimmmed gradually rather than ahruptly inferring thereby the presence of 

an atmosphere on Pluto. 

1.3 Origin of the Present Investigation 

The motivation for the present investigations came from the researches 

of various workers on the investigation of possible changes in the mean mo

tion of the inner Galilean Satellites of Jupiter (deSitter 1928; deSitter 1931; 

Goldstein 1975; Goldstein and Jacob 1985; Goldstein and Jacob 1986; Lieske 

1986, 1987). The prediction by Peale et a1. (1979) on the eve of Voyager -., 
1's encounter with 10 of widespread and recurrent surface volcanism and its 

dramatic confirmation during the flyby has evoked considerable interest on 

the orbital evolution of this satellite. In addition, infrared heat flux from 10 

has been measured to be'" 7.6 x 1013W (McEwen et al. 1985). The source of 

this heat has been attributed to tidal heating. The energy for tidal heating 

must come from lo's orbit, but due to the Laplace resonance between 10, 

Europa. and Ganymede the energy loss is shared among the three sa.tellite 
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orbits. The orbit shrinkage will have the effect of driving the system out 

of resonance. Tides raised on Jupiter by 10 will have the opposite effect as 

its effect would be to expand the orbits of these satellites. The amount of 

Jovian torque on the satellite orbits will detennine the direction of evolution 

of the resonance, and has been the topic of research during the past decade, 

and the problem is still open. 

The importance of precise estimation of the rate of change of lo's mean 

motion in understanding the orbital evolution of the Galilean satellites has 

been stressed by Greenberg (1982, 1986) and Lieske (1986, 1987). Th'!:! esti

:qlations of ~, (where nl is the mean motion of 10) by various researchers 

differ considerably (Table 5.8). Lieske (1987) has used a vast collection of ob

served data dating from 1652 to the modern optical navigation images on the 

Voyager mission and mutual events of 1973 and 1979 and used recently deter

mined values for several astronomical constants to derive his E2x3 ephemeris 

and obtained a smallnega.tive va.lue for !h. Since then several observations 
nl 

of Mutual events in 1985 have bren analysed and published (Arlotet al. 

1992; Franklin and GSa 1991). The threE:' kinds of observational data sets 

that are used to obtain the consta.nts of motion of these satellites are eclipses 

by the planet, photographic and mutual events. The photographic data are 

primarily of value in yielding estimates of the inclinations and nodes. The 

eclipse observations have the potential of estimating mean motions, eccen

tricities, peria.pses and longit.udes (Lieske 1980). Extension of the time base 

of mutual events from 1973 to 1991 enhances the potential of this data, set 

in determining not only the nodes, inclinations and eccentricities but also 

the mean motions, periapses and longitudes. The astrometric accuracy of 

mutual event is of the order of 0.03 arcsec whereas visual and photometric 

observations of eclipses have an accuracy of ",0.2 arcsec and --:"0.11 arcsec 

respectively. The accuracy of the photographic observations is 0.20 arcsec

ond when using a short focus astrograph. Photographic observations using 

long focus (f 10m) refra.ctors can yield relatively better accuracies of about 

0.06 arcsec (Arlot et 801. 1989). Mutual event data are unaffected by atmo

spheric seemg conditions.. If the photometric observations are carried out 

carefully by estimating the background contribution due to Jupiter correctly 
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and determining the time of observations accurate to a fraction of a second 

the accuracy of mutual event data may surpass those from the other kinds 

of data sets. The recent mutual event season in 1991 provided opportunity 

for more obs~rvations of this kind. The topic of observation and analysis 

of mutual events of the Jovian satellites and utilization of the astrometric 

results for obtaining the corrections c's and /3's (Lieske 1977) was therefore 

taken up. The present investigation utilizes mutual occultation results of 

1973, 1979, 1985 and 1991 and therefore increases the time base of this kind 

of observations. 

1.4 Previous Observations of Mutual Events 

of the Galileall Satellites 

The Joviocentric declination of the Sun and the earth become small 

twice during the planet's orbital period of about 11.6 yr. For a few months 

around this time pairs of the satellites are frequently aligned with the Sun 

causing eclipses and with the earth causing the occ,ultations. 

Since 1931 these mutual events have been predicted regularly by the 

British Astronomical Associa.tion based on the method by Levin (1931). The 

first rigorous efforts on predictions (Milbourn and Carey 1973; Brinkmann 

and Millis 1973; Aksnes 1974) and observations (Aksnes and Franklin 1976; 

Wasserman et al. 1976; Vermillion et aI. 1974; Blanco and Catalano 1974) 

were made during the 1973 mutual event. season. Using a large number of 

mutual occultation and eclipse data. Aksnes and Franklin (1976) obtained 

solutions to the radii of the satellites along with the impact parameters. The 

next mutual event season during 1979 was unfa.voura.ble due to conjunction 

of Jupiter with. the Sun. Ve,ry few e\rents were observed during this mutual 

event season (Aksnes et al. 1984; Arlot et al. 1982). These events were ob

served worldwide during the next mutual event season in 1985 in response to 

the campaign for these observations (Arlot 1984; Aksnes and Franklin 1984). 

Arlot et al. (1992) published a catalogue of 165 observations of 63 mutual 

events from 28 sites. Franklin and the 'Galilean Satellite Observers' 1991 

reported fitted astrometric parameters of 200 events observed from several 
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sites. Descamps and Thuillot (1992) analysed 16 eclipses and 25 occulta

tions observed in 1985 using different scattering laws. They also deduced the 

Hapke's parameters of the leading and trailing sides of the Galilean satel

lites. They found that the model for mutual occultations was more sensitive 

than that for the mutual eclipses to the surface characteristics. Vasund

hara (1991) fitted the mutual eclipse observations from VBO. Uniform disc, 

Lommel-Seeliger's law and Lambert's law were used to model the light curves. 

Analysis of the limited data indicated that Lommel-Seeliger's law describes 

the light distribution better than Lambert's law. 

Goguen et aI. (1988) for the first time observed the occultation of 10 

by other satellites in the infrared (3.8 pm, 4.8 p,m, 8.7 p,m) region to map 

the hot spot. The location and area of the region of thermal emission was 

determined by them. Their observations of 10 July, 1985 in 3.8 p.m and 4.8 

p.m event also lead to the discovery of a new hot spot of'" 20 km in diameter. 

Descamps et al. (1992) observed and analysed an occulta.tion of 10 by Europa, 

in the infrared band to detect Sig11al from the two volcanoes Loki and Pele. 

The recent mutual events during the 1991 season were also observed ex

tensively in response to campaign by Arlot (1900), and Aksnes and Franklin 

(1990). Mallama. (1992) analysed 12 mutual events using Minnaert's law, 

modelling darker polar areas, brighter lea.ding hemisphere and slightly fainter 

Jupiter facing hemisphere basf'd on study by Simonelli and Veverka (1986). 

His astrometric results a.gree with Lieske's E-3 ephemeris predictions at a 

1 (/' level of about 0" .013 ill orbital latitude, but an 0".080 or '" 308 km 

residual in relative longitude. From ana.lysis of 1973, .1979, 1985 and 1991, 

Mallama (1992) found a llet error projected along track for Europa, relative to 

10 which increased rather linearly from -12 km in 1973 to -308 km in 1991. 

Thanks to the extensive PHEMU91 campajgn at the Bureau des Longitudes 

by J.E.Arlot and his group the 1991 mutual events have been extensively 

observed. Attempts were made at the Vainu Bappu Observatory to observe 

almost all the events observable from India, of which 17 events were observed 

successfully. 

Wasserman et al. (1975) observed the mutual ~vents in three wavelength 

bands (0.35, 0.50 and 0.91 p,m) with an aim to obtain colour informa.tion 
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about albedo distribution and limb darkening on the satellites. They con

cluded that before such informa.tion would be extracted from the mutual 

events, values of various geometric parameters such as the radii of the satel

lites and the impact parameters should be accurately known. Wasserman et 

al. also included in their model different albedo distributions like uniform 

disc, bright polarcaps and bright quadrants and concluded that construc

tion of albedo maps if at all possible would require data of extremely high 

quality. In the post Voyager era. one has the distinct advantage of knowl

edge of accurate radii of the satelli tes and their albedo maps. This has been 

fully exploited in the present investigations by including the published albedo 

boundaries of 10 (Simonelli aJld Veverka 1986) and Ganymede (Squyres and 

Veverka 1981) to derive the impact parameters. 

A curious discordance was noticed by Aksnes and Franklin (1976) in the 

relative corrections to the longitudes through pairs of mutual occultation and 

eclipse observations observed in .1973. Both kinds of events follow within a 

few hours at the most and one expects the corrections to be the same. How

ever they noticed the discrepancy which grew with solar phase angle. Aksnes, 

Franklin and Magnusson (1986) traced this discrepancy to difference in the 

brightness distribution due to finite solar phase angle. The predicted time 

corresponds to the time of close approach of the geometric centre whereas 

the time of light minimum corresponds to the close approach of the light cen

tre. Aksnes et al. (1986) used Lambert's scattering law and showed that the 

separation between the two kinds of cent.res grew with solar phase angle. In 

the present investigation the phase correction was determined using the three 

scattering laws by Lambert, Lommel-Seeliger and Minnaert. The influence 

of the light scattering law on the phase correction has been investigated. 

1.5 Lieske's Revitalization of Sampsoll's Theory 

The process of calculating the orbital elements of any solar system ob

ject from observations is a tedious process. The entire process needs to be 

repeated when more observations are available for refinement of the theory. 

Lieske's (1974, 1977) revitalization of Sampson's (1921) theory- which pro-
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vides means to adjust the constants without having to repeat the process 

is a major achievement in this field. The approach adopted by him was 

to redevelop Sampson's method to make it compatible for use with mod

em day computers. Sampson aimed at an accuracy of one arcsecond in the 

joviocentric co-ordinates and included all periodic terms larger than 10-7 

radian and sought to obtain accuracy of 2 km, 3.3 km, 5.2 km and 9.1 km 

for 10, Europa, Ganymede and Callisto respectively. The current accuracy of 

Sampson's ephemerides for the satellites is however of the order of 600 km to 

1200 km, several times the aecuracy sought by him. The main cause of the 

large residual is due to extrapolation of the orbit solutions which were de

rived using observations during the years 1878-1903. Some of the solar terms 

in the longitude (Innes 1910) and 3-7 commensurability between the two 

outer satellites (de Haerdtl 1892; Lieske 1973) were neglected by Sampson. 

Lieske's revitalization process included these neglected terms. He corrected 

arithme,tic errors in Sampson's theory and introduced amplitude and phase 

of the Laplacian free libration as arbitrary constants. Most important of all 

Lieske's elegant approach provides the means to ca.lc.ulate the partial deriva

tives of the observable co-ordinates with respect to the arbitrary constants 

of integrations (g-(3) (Table 5.4 a&b adopted from Lieske 1977). The 28 c's 

are the quantities like the masses of the satellites relative to Jupiter, mean 

motions of satellites I, II and IV (motion of sa.tellite III is constrained via the 

Laplace resonance), libration phase angle amplitude, mean motion of Jupiter, 

Zonal harmonic coefficients J2 and J4 of Jupiter, its radius, rotation period, 

primary eccentricities of the sa.tellites I-IV, eccentricity of Jupiter, primary 

sine inclinations of the four satellites, inclinations of Jupiter to equator and 

ecliptic, obliquity of ecliptic and mean mot.ion of Saturn. The corrections g'S 

modify the generic values Ao according to 

A = Ao(1 +£) 

The g'S are dimensionless constants, except eg which represents the am

plitude of free libration which is given in radians. 

The 22 (3 values are the mean longitudes of four satellites, libration phase 

. angle, proper periapses of the satellites (I-IV), longitude of perihelion of 
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Jupiter, proper nodes of the four satellites, longitude of origin of co-ordinates, 

mean anomalies of Saturn and Jupiter and certain other algebraic quantities. 

The fi's are in degrees and are added to the generic values. 

Using the partial derivatives, the c-{3 values can be updated when more 

observations become avaj1able. For the revitalized Sampson's theory the c-f3 
values are zero. Using various observa.tional data sets, several ephemerides 

(E-1, E-2, G-5, E2x3) have been developed by Lieske (1978, 1980, 1987) and 

Arlot (1982). This investigation aims at getting a new set of e-{3 values us

ing the mutual occultation data of the 1973, 1979, 1985 and 1991 ItlUtUal 

events seasons. Since these events are relatively rare and therefore insuffi

cient photographic data were also used for this purpose. All the c-f3 values 

are not determined, or cannot. he determined llsing astrometric positions of 

the satellites, 21 of these are fixed via adoption of the physical constants. 

IAU and Pioneer derived values of rotation period, equatorial radius and the 

zonal harmonic coefficients J2 a.nd J4 for Jupiter Satellite masses. Jupiter 

related orbital parameters are also not determined during the fit. The 24 fit

ted parameters are the arbitra,ry constants in the motion of the four Galilean 

satellites involving their mean motions, eccentricities, sine inclinations, am

plitude and phase of the Lapla.ce lihrat.ion, mean longitudes, proper periapses 

and proper nodes. 

1.6 Outline of Present Investigation 

This investigation concentrat.es on the observations and analysis of mu

tual events and to utilize the results to obt.ain new sets of corrections to the 

constants of motion of the Galilean satellites. In what follows an outline of 

the study is given. 

Chapter 2 describes the observational technique and the data reduction. 

Methods to determine the light loss and the time of light minimum and the 

sources of errors in the estimation of these quantities are discussed. 

The geometrical model to calculate t.he theoretical light curves is de

scribed in Chapter 3. The eclipse and occultation geometries are described 

separately with emphasis on corrections for light t.ravel times. Method used 
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to calculate the light loss at any instant during the event are explained. The 

model takes into account. the light distribution on the surface of the eclipsed 

or occulted satellite following the three laws by Lommel-Seeliger,Lambert 

and Minnaert. Published albedo variat.ions inferred from Voyager images 

have also been modelled. Expressions for determination of phase corrections 

have been worked out in this chapter. 

Results of the analysis of the data of 1985 and 1991 observed from VBO 

are presented in chapter 4. The results obtained using different scat.tering 

laws are compared. 

The occultation light curves from the PHEMU85 and PHEMU91 cam

paigns by Prof.J .E.Arlot and his group were analyzed using the model de

veloped in Chapter 3. The published astrometric results by others of the 

1973, 1979 and 1985 series were reconst.ructed by applying the phase correc

tion using Lommel-Seeliger's law. The relat.ive astrometric positions derived 

this way were combined with phot.ographic positions Arlot (1982) and astro

metric data by Descamps (1992a) t.o derive the Lieske's corrections (e-f3) to 

Sampson's values for the constants of mot.ion of the four satellites. Chapter 

4 contains details of the data set.s, t.he methodology and the results. The lon

gitude using the new selected ephemeris 1-32 was analyzed to look for secular 

acceleration in the mean mot.ions of these sa.t.ellites. The analysis reported 

in this chapter was carried out at t.he Bureau des Longitudes, Paris. France 

using the software developed by Prof.J .E.Arlot.. 

Chapter 6 cont.ains a comparison of t.he ephemeris 1-32 derived in the 

present investigation with other ephemerides E-1, E-2, G5 and E2x3. The 

problems in integrating the mnhlal edipse data along with data of other 

kinds are discussed. 

One of the outcomes of the present. investiga.t.ion, using 15 light curves 

involving occultations or eclipses of 10' is that Lommel-Seeliger's law and 

Minnaert's law appear to describe the sca.tt.ering characteristics of 10. The 

Minnaert's parameter k( a) was determined as a free parameter during the 

fit. The average value of k(a) derived using good quality light curves in 

the I band of observation is found to be 0.559 ±O.Oll, which is compara-
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ble to the values derived by Simonelli and Veverka (1986). Due to limited 

data, variation of this constant wit.h solar phase angle could not be esti

mated. This investigation, however, opens up the possibility of analyzing 

in a systematic way the mutual event light curves to derive the scattering 

parameter of these satellites. Good quality light curves can be used to de

rive the Hapke's parameters (1981, 1984). The new ephemeris labelled 1-32 

derived using mutual occultation and photographic observa.tions yields lower 

residuals in longitudes of the three inner satellites, but there is no significant 

change in the residuals of the sky plan€' positions (~a cos 5, ~5) compared 

to G-5 ephemeris. The reason for this may be due to better accuracy in 

determination of mid times as against the impact parameters which is very 

sensitive to the observing condit.ions. This chapter concludes with future 

plans on related topics. 
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2 Observations and Data Reduction 

2.1 The Mutual Events 

The transit of Jupiter through the nodes (equator on orbit) twice during 

its orbital period of 11.6 yr. provides the opportunity for an edge-on view 

of its equatorial plane from the inner solar system. Inclination of the orbital 

planes of the Galilean satellites to the planet's equators are very small and 

the satellites have finite sizes, therefore for a few months around the time of 

the nodal crossing, the satellites frequently eclipse or occult each other when 

any two of them are aligned with the sun, or earth respectively. The recent 

eclipse season commenc,ed in November 1990 and continued till March 1992. 

Most of the events were observa.ble from the earth during the first half of 

1991. Accurate determination of time of light minimum and the depth of the 

events axe the essential requirements of the mutual event observations. In 

this regard these observations are similar to observations of eclipses of close 

binaries. Details of the recording system, the observational procedure and 

the reduction technique are discussed in the following sections. 

2.2 The Recording System 

The ray path and the block diagram of the recording system are shown 

schematically in Fig. 2.1. The axrangement used in the present study consist 

of 

1. Light collector (T) 

2. Photometer (PMT) 

3. Pre-amplifier and discrimina.tor (PAD) 

4. Photon counting unit (peU) 

5. Pulse integrator (PI) 

6. Strip chart recorder (SeR). 

13 



WAE MAE 

PlotT 
D 

-=====::==~~~'~==l~~==~~~~~~PHoTo _ II CAT-HODE 
_ .. ..J. U 

Fill BEAM iotA 

FROM TELESCOPE(T) 

p.e.BASED 

PHOTON 

COUNTING UNIT 

PCU 

REFRIGI RAT ION 
BOX 

PAD 

PRE AIotPLlFIER 
AND 

DISCRI 1041NATOR 

PI 

PULSE 

r----t INTEGRATOR 

Fig. 2.1 The ray path and the block diagram of the recording system. WAE: Wide 

angle eyepiece to select the field, MA, MN: flipping 45° mirrors, D: focal 

plane diaphragm, NAE: narrow angle eyepiece to check centering, F: filter, 

FA Fabry lens, PMT: photometer. The pulses from the PMT after pream

plification and discrimiriation through (PAD) are counted at the photon 

counting unit (PCU), for rea.! time monitoring the pulses after integration 

by the pulse integrat.or PI are fed to the chart recorder(SCR). 

The light collectors used in the present study wete the 75 em, 102 em and 

234 cm reflectors in cassegrain mode at the Vainu Bappu Observatory (VBO 

78deg49'.58 E, 12°34.58 N, 725 m). The focal ratio of the 75 cm telescope is 

f/13.5. The 102 em and 234 cm reflectors are both f/13 systems. Standard 

R or I filters were used. Neutral density filters of suitable transmissions were 

used to cut down photon incident ra.te at the detectors. 

Two photometer units were available at VBO. One with an EMI 9658R 
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photomultiplier tube refrigerated in a dry ice chamber. This unit was used 

at the 102 cm telescope. The other unit containing an EMI 9658 B photo

multiplier was used at the 75 cm telescope. A water cooled peltier system 

was used to cool this phototube. One of the two units was used at the 234 

cm telescope. 

Rest of the recording units were identical. The output pulses from the 

PMT were fed to a locally built preamplifier and discriminator unit (PAD). 

The main function of PAD is to transmit all pulses with heights (voltage) 

larger than a threshold level, irrespective of their actual pulse height. The 

threshold was set initially a.t the time of installation to be such that when 

refrigerated, the dark count rate was about 60 counts per second. The PAD 

unit also acts as an impedence matcher between the PMT of high output 

impedence and the pulse detecting units (PCU and PI) of low input impe

dences. 

The working of the PC ba.'3ed photon counting unit used in this study has 

been discussed elsewhere (Sriniw.san et a1. 1992). The software for data 

acquisition is written in turbo pa.scal. The program utilizes the following 

procedures: 

1. The clock maintained by the disc .operating system (DOS) is set at the 

beginning of observations with reference to the standard time. 

2. The PC generates a gate pulse using the delay procedure, the duration of 

which can be set initially for each run as the required integration time in 

milliseconds. 

3. Before commencing the integra.tion, all counters are cleared and the gate 

signal is generated. When data acquisition commences the system gets 

the time from DOS and stores. At the end of each gate signal, the total 

number of pulses counted during this counting interval are read into a two 

dimensional array memory (1 .... 16,1 .... 1000). The data is continuously 

acquired and stored in a cyclic buffer array until the observation is ter

minated by pressing any key on the key board. When the buffer of 16 K 

data points is full, the data. points stored·at the beginning get successively 

erased and only the last 16 K data. points are accessible. Therefore care 
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was taken to stop the rUll just. bdore t.hc· buffer was full. 

4. At the end of the 1'1.111 t.lw pro~ra.m gc~ts thc' ending t.ime from DOS and 

stores. 

5. The data values are rearra11~('d a.1lel the lGI\ data points are stored on to 

the disk along with header informa.tion giving starting time, ending time 

and the integration time. 

For real time monitoring, the output from PAD was integrated using a 

pulse integrator (PI). The de output was recorded using a strip chart recorder 

(SCR). The pulse integrator has a meter to read the count rate on line. 

2.3 The Data Acquisition 

The observations commellced whenever possible, a.tleast an hour before 

the event and were eont.inn<>d for auot.her honr after tht" event. Uncerta.inty 

in the estimation of t.h(' ('ont.rilmtioll of t.lw ::;ky background in the focal plane 

dia.phra.gm is the' chief SOlU'('C' of ('lTor ill dd,(>nnining t.h(· dC'pth of t.he events. 

Two dimensional ddC'('tol' CllTClYS like' t.hc' CCD r<'c'('pton; <mel yiel(:'o cameras 

allow accurate modeling of tll(' sky hackground around t.he satellites (Thuillot 

Arlot and Wu 1990; Nakumura and Shibasaki 1990; Colas and Laques 1990; 

Mallama 1992). While using a (·onvcllt.ional photometer the best that is 

possible would be to mea::;ure the sky by positioning the diaphragm at four 

locations equally spaced aloug east, west, north a.nd south from the satellites 

(Fig. 2.2a). Thf' sky background it.self ('an be reclu('€'d clue to its .A -1 and 

.A -4 dependence by canying out. thC' ob::;ervations in t.he longer wavelength 

bands. Therefore the present. series of obs{'rvat.ions were carried out either 

through a R or a, I filter of . Ferni(-"s sYSt,C'lll. On the 102 em refractor 9 

or 12 arcseeond diaphragms were nsed while on t.he 234 cm t.elescope a 18 

arcsecond diaphragnl was used. At. th~' 75 cm t.elescope due t.o tracking 

problems a, larger diaphragm of 30 a.r<'s('("ond was l.lR<:'d. This leads to higher 

uncertaint.y in t.h<> esti111at.ioll ()f th·· d<"pt.h of t.lw t'vents ohr.;C:'l'ved at· this 

telescope part-kula.r,ly WhC'll thc' ('wuts O('('l1l'l'C"cl dORC'l' t.lum SIX .Jupit.er radii 

from the planet's centre. The s1:y ('ount::; at t.he four locations around Europa 

and Ganymede during the occult.ation event 203 on 1991 January 23 are 
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shown in Fig. 2.2b. The average sky is shown by the dotted line. The sky 

south of the satellite was found to be a close approximation to the average 

value. Whenever it was not possible to sample the sky at all the 
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Fig. 2.2(a) The occultation geometry from t.he ea,rth during the 203 event on 1991 

January 23. Both Europa and Ganymede are in the cent.ral diaphragm of 

size 12 arcseconds. S E, Sl¥; S Nand S S are locations of the diaphragm 
, ' 

for sky sampling at equidistant locations along the four directions. (b) 

Sky counts at the four locations of the diaphragm. Average value of ,sky 

is shown by the dotted line. 
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four locations, for example just before or after an occultation event when the 

satellites were close yet could not be accomodated in the same focal plane 

diaphragm, the sky between the satellites could not be observed, on such 

occasions only the sky at south was observed. 

During an occultation the observer is aligned with the occulting and the 

occulted satellite. Therefore both the satellites would be close and therefore 

would be in the diaphragm. During the event, only the occulted satellite 

would undergo variation in intensity, the contribution of that of the occult

ing satellite would be constant. In order to remove the contribution of the 

occulting satellite, the relative contribution of the two satellites to the total 

light should be carefully estimated. The intensity of the satellites depend 

on their orbital longitude and the wavelength of observations (Harris 1961; 

Johnson 1970; Johnson and McCord 1970; Owen and Lazor 1973; Millis and 

Thompson 1975; Morrison et 801. 1974). Therefore the relative contribution 

should at best be determined for;each event just before and after the event 

and the mean value used. For most events this was possible. The two satel

lites were observed separately several times. For each observation the sky 

along the four directions were mea.sured. 'When the events occurred just af

ter sun set or day break, or when the planet itself was rising or setting, the 

satellites could only be observed separately either be~ore or after the event. 

During an eclipse event, the satellites are aligned with th~ sun, even during 

mid event the satellites would in general be well separated. However close 

to the date of opposition of Jupiter, the earth would also be close to the 

line joining the satellites and the sun. To a terrestrial observer, therefore 

the satellites would appear to be very close to each other during the eclipse. 

Both the objects would have to be accomodated in the diaphragm during 

such eclipse events. Therefore the eclipse events observed about a month 

close to the date of opposition would give a light curve containing light from 

both the satellites. Measurement of their relative contribution would have 

to be made as in case of occultations. 

The main occultation or eclipse events were monitored continuously. The 

integration time was selected such that .the entire event and the four sets of 

sky measurements before and after the events were captured in the buffer 
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of 16 K data points. The int.egration t.imes therefore, ranged between 0.15 

seconds to 0.3 seconds. While monitoring events longer than one hour, an

other satellite, mostly Callist.o wa.s observed severa.l times to check the sky 

transparency variations. For example during the 203 event on 1991 January 

23, Callisto was observed 6 times. The int.egra.tion times for the longer events 

were set between 0.8 - 1.0 sec. The sky contribution along the four directions 

was also observed during the long events. The interruptions caused during 

sky and reference satellite measurement.s were alwa~s negligible compared to 

the duration of the events. 

Standard stars recommended by Nicolet and Nitschelm (1990) were ob

served on most night.s. 

2.4 Data Reduction 

The various steps involved in the l'C'dnct.ion of the data are as follows: 

1. Determination of a:vera.ge value of sky. 

2. Estimation of the extinction coefficient. 

3. Determination of the ratio (R) of the contribution of the occulting or the 

eclipsing satellite to the total light.. 

4. Normalization of the light curve aft.er removing the contribution of the 

occulting/eclipsing sat.ellite. Determination of the time of light minimum 

of the event. 

If i is the flux from the sat.ellit.e in counts per second including the con

tribution of the sky, and S t.he average value of the flux from the sky as 

determined from the four sets of sky measurements at east, west, north and 

south of the object, the flux I from the satellite corrected for extinction will 

be 

(2.1) 

where k is the extinction coefficient and X is the air mass in units of thickness 
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at zenith (Hardie 1962) given by 

x = secZ - 0.0018167 (sec Z - 1) - 0.002875 (sec Z - 1)2 

- 0.0008083 (sec Z - 1)3 (2.2) 

where Z is the zenith distance of the object at the time of observation. 

The ratio R was calculated using the relation 

R= lSI 

lSI + IS2 
(2.3) 

where lSI and 1S2 are the flux of the occ111ting/ eclipsing satellite (51) and 

the occulted/eclipsed satellite (52) r(~spf"ct.iY(:·ly a,ft.er correcting for extinction 

and sky background using Eq. 2.1. 
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Fig. 2.3 Contribution (R) of light from Europa (J2) to the total light with 10 
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Since several sets of measurement were made on the two satellites, R was 

calculated by combining flux measurements of 51 and 52 taken within 10 

minutes apart. Mean value of R was estimated from these values for each 

night. Fig. 2.3 gives the estimated value of R before and after the event 

obtained on 23 Feb. 1991. 

Normalizing a light curve is carried out with respect to the total light 

outside the event. As mentioned in Section 2.2, the focal plane diaphragm 

contains both 51 and 52 for the occultation events. This is also true for 

eclipse events close to the date of opposition. In this case there are two ways 

of normalizing the light curve: 

Case I. The normalized intensity with respect to total light 51 and 52 

would be 
F(51, 52) = I(t) 

10 
(2.4) 

where I(t) is the total int.ensity at. any time (t) during the event and 10 its 

value outside the event. 

Case II. The light curve can also be normalized after removing the con

tribution of the occulting/eclipsing satellite S1. The normalized flux in this 

case will be 

hence 

1(52) = I(t) - loR 
10 - loR 

1(52) = F(51, 52) - R 
l-R 

(2.5) 

(2.6) 

The light curve normalized this way is preferred as it can be directly fitted 

with theoretical light curves. Normalization according to case I can be used 

for direct comparison with the predicted occultation depth. 

It follows immediately that for eclipses away from the date of opposition 

when S2 alone can be monit.ored 

1(52) = F(O, 52), since R = o. 

The loss in light obtained from the normalized light curve of case II is 

given by 

6.1 = 1 - I(S2) (2.7) 
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where !:If can vary between 0 for grazing event to 1 for total events. 

The time of light minimum was determined by two methods. 

(a) Folding the light curve : 

The light curve between the first and fourth contact having N data points 

was examined visually and the approximate lowest intellsity point was ob

tained. The folding was attempted about the data points in the vicinity of 

this approximate point (Fig. 2.4a'J The. data point of' light minimum (k) 

should satisfy the relation 

n 

(Diff)2 = ~ L {10' - j) - 1( ~~ + j)} 2 
11 . 

)=1 

(2.8a) 
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Fig. 2.4(a) Determination of time of light. minimulll by folding. k: tria.l mid point, 

portion of light curve used in folding k-n to k+n 
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Fig. 2.4(b) The time corresponding to minimum 'Oiff,2, is t h(> t.ime of light. minimum. 
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One essentially finds the diffel'C'll("C' (Diff) ht"twE'f'n areas under the portions 

of the curve AB aucI nc. 'V11(,11 B ("Ol'1'('sp()udl'l to the a.ctual data point of 

light minimum, Di:ff2 would he minimum. 

The time ('orrt"sponding t.o min (Diff)2 was obtained by fitting a 3 degree 

polynomial to the Diff'..! ( ~:) vs T(~') curve, (Fig. 2 .4b ). '''here T( k) is the 

time corresponding to the kth tl'ialmid point.The fitted (Diff2) is givenby 

(2.8b) 

(b) Polynomial fit : 

A third degree polynomial was fitted to the deep part of the light curve 

Y = bO + bl T + b2T2 (2.9) 
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The time of light minimum corresponding to by / 6T = 0 would be given by 

bl 
T,=-

b2 
(2.10) 

Light curves with breaks either due to clouds or while centring the object 

were analyzed by polynomial fit. The method of folding as described above 

requires equally spaced continuous set of data points; this method was used 

only for continuous light curves. The sensitivity of the two methods were 

compared by analyzing good quality and continuous light curves, using both 

the methods. Column 2 in Ta.ble 2.1 gives T, for all the observed events. 

The maximum light loss calcula.ted from the relation in Eq. (2.7) are given 

in column (3). The telescope aperture, filter used, and the air mass at Tmin 

are given in columns (5) - (6) respectively. The sky conditions at the time 

of observa,tions are indica.ted in column (7); a.n entry of 1 indicates good sky 

conditions and 3 as variable transparency. 

2.5 Estimation of Errors 

The aim of observing mutual events is to obtain precisely the light loss 

and the time of light minimum. The uncertainty in the estimation of these 

two quantities must be evaluated carefully in order to assign weight to each 

obser~tion, while using the results to further refine the theory of motion of 

the satellites. 

A) The factors affecting the final a.ccuracy of the light loss determined 

using Eq. (2.7) are: 

AI. Uncertainty in sky determination. 

A2. Uncertainty in determining the raw counts I~ outside the event and t 
during the event. 

A3. Error in estimating the extinction by the earth's atmosphere. 

A4. Uncertainty in the determination of the Ratio (R) calculating usingEq. 

(2.3). 

The uncertainty in sky· arises mainly due to error in positioning the di

aphragm at equal distances in the four directions. The photon statistics noise 
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is very much smaller. The uncertainty in determination of I~ and l may arise 

due to local fluctuations in sky transparency and the photon statistics noise. 

The error in estimating the extinction coefficient would be significant for 

events of longer durations or occurring at large ~enith distances. 

Uncertainty in the determination of R basically arises due to uncertainties 

in measuring intensity of light i (Sl), l (S2) from individual satellites 81 

and 82 respeCtively and the sky around them. The light variation of the 

satellite 10 near the orbital longitude 2700 is steep (Morrison et al. 1974). 

Europa also shows considerable variation in intensity between about 2100 to 

270° longitude. For most of the events involving 10 and Europa (during the 

current series) the longitudes of the satellites are in vicinity of those regions. 

Even though Europa's motion is half of that of 10, changes in intensity with 

orbital longitude wo~ld affect estimation ofR. Therefore care was taken to 

use values of R. obtained from measurements taken just before and after the 

event. 

To estimate the standard deviation (J' f of the normalized intensity given 

by Eq. (2.7), let (J'1', (J'1', (J' 8 , (J'k and (J'R be the standard deviations in 
o 

estimation of 1', I~, 8, k and R respectively we note that (Bevington 1962) 

from Eq. (2.6) 
I(S2) = F(Sl, S2) - R 

1-R 
for simplicity writing 1 for I(S2) and F for F(S1, S2) 

F-R 
l=l-R 

using Eqs. (2.2) and (2.4) 

simplifying further 

= _1_[ (~' - S)exp(kX) _ R] 
1 1- R (10 - S)exp(kXo)' 

1 . [(t - S) ] 
1 = 1- R (~-8) exp(kAX) - R 

2.5 

(2.12) 



where IlX is the difference in airmass between the two sets of measurements 
I I 

1 and 10 , 

The partial derivatives are 

~f (t - S) exp(kIlX) 
-= I 

~I' (10 - S)2 (1 - R) 
o 

(2.13(a») 

~f 1 exp(kIlX) 
-= I 

~ I' (10 - S) (1 - R) 
(2.13(b» 

~f (t - I~) exp(kIlX) 
-= I 

~s (1.() - S)2 (1 - R) 
(2.13( c) 

~f (t - S) r 
~k = (I~ _ 8) exp(kll)n.6 X (2.13(d» 

~ f 1 [ ([' - S) r] 1 
~R = (1 - R)2 (I~ - S) exp( kll)() - R - (1 - R) 

1 [(t - S) r] 
= (1 - R)2 (I~ _ S) exp(b..1i) - 1 (2.13( e» 

Substituting the partial del'iva.t.ives from Eqs. 2.13(a-d) in Eq. 2.11 and 

simplifying 

[{ exp(]{~X) }2{(I'-S)2 2 2 (I'-I~)2 2 
Uf = (I~ _ 8)(1- R) I~ _ 5) uI~ +ul' ~ I~ _ Sus-+: 

'( I r) 2 2} 1 { (I' - S) ,~r } 2 2] 1/2 (I - S).t::.X uk + (1 _ R)4 I~ _ S exp(I\..t::.X) - 1 uR (2.14) 

From Eq. 2.13 (a-d) it can be seen that the uncertainty of in the estima

tion of the normalized intensity f during an event is reduced by decreasing 

the sky contribution; therefore use of R 01' 1 band and a small focal plane 

diaphragm help in reducing of. 

In Eq.2.13(e) since IlX '" 0, the contribution to the final uncertainty in 

f, due to uncertainty in estimation of R is less for shallow events than the 

deeper events. Again for events of long durations errors due to uncertainty 

in estimation of extinction coefficient Ok is significant. 

B) The sources of error in determining the time of light minimum are: 

Bl. Error in setting the UT clock with respect to standax:d time signal. 

B2. Error in setting the ~stem clock ,of the PC of the photon countjng unit 

with respect to the UT clock. 
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B2. Error in setting the system clock of the PC of the photon counting unit 

with respect to the UT clock. 

B3. Drift in the time maintained by the DOS. 

B4. Uncertainty in locating the time of light minimum as determined by the 

two methods discussed in Section 2.4. 

The error in setting the UT clock on the observing floor was estimated in 

the worst case to be ±O' .3, on most days it was of the order of ±O.2 seconds. 

This was judged by checking the UT clock every hour with reference to the 

standard signal on the wireless equipment. 

The uncertainties in setting the system clock of the PC, and the clock rate 

maintained by DOS were determined as follows: 

The PC clock was set at time To at the beginning of the observations. 

Since the cyclic buffer can st.ore only 16 K data points, the runs were ter

minated just before the buffer was full. The system reads the ending time 

from the PC clock and writes it as the header information. The PC clock 

was found to gain time. As a result the ending time Tpc was found to be 

ahead of the actual ending time TUT. Since several sets of observations were 

made, it was noticed that the difference 

tl.T = Tpo - TUT 

increased linearly through the night, i.e. at any time T 

6.T T-To 

or 

6.T = C(T - To) + 6.To 2.15 

where tl.To is the error ill set.ting the PC clock at time To and C is the· 

time gained by the PC clock per second. Fig. 5 shows the variation of tl.T 

with (T - To) for the observational runs on 23 February, 1991. The scatter 

in the data points is due to personal error in stopping the run precisely at 

TUT. The slope of the fitted line and the intercept on the y axis give the 

values of C and 6.To respectively. To ending time Tpc was corrected for 
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estimated using the uncertainties Uc and aATo was always found to be about 

an order of magnitude less than the error in setting the ut clock (Bl). 

The uncertainty in locating the mid point of the light curve were deter

mined from the coefficients of the fitted polynomial 

where Y in this equation represents (Diff)2 of Eq. (2.8 b) or Y of Eq. (2.9) 

corresponding to the two different methods of determining the mid time. In 

either case the time of light minimum is given by 

The least square solution yields AI, a At' A2 and a A2' the uncertainty in 

determination of Tl is therefore 

For light curves of good signal to noise ratio, aT, (B4) was found to be 

far less than the uncertainty due to the source of error (Bl). 

On the other hand uTI was the main source of undertainty in the deter

mination of time of light minimum for poor quality light curves. 
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Table 2.1 Observed times of light minimum, light. 10sSl and journal of observations 

UTe Date Tmin Light. loss Telescope Filt.er Airmass Observing 
Event hh:mm:ss Apert.ure condition 

(1) (2) (3) (4) (5) (6) (7) 
91/01/22 18:23:12.7 0.721 102 R. 1.04 1 

2El +0.5s ±.01 
91/01/22 18:43:52.5 0.411 102 R 1.02 1 

201 ±0.5s ±.01 
91/01/23 16:42:19.1 0.358 102 R 1.29 '2 

203 ±0.5 ±.O15 
91/01/29 21:00:32.0 0.651 234 R 1.18 

201 ±0.5 ±.O2 
91/01/29 21:03:23.6 0.572 234 R 1.18 1 

2E1 ±0.5 ±.02 
91/02/05 23:13:35.0 0.721 102 2.86 3 

201 ±2s ±.04 
91/02/16 14:29:41.9 0.685 102 I 1.41 1 

201 ±0.5s ±.O03 
91/02/16 15:18:31.7 0.7213 102 1.18 1 

'lEI ±0.5s ±.Ol 
91/02/23 16:39:16.1 0.685 102 1.01 

201 ±0.5s ±.01 
91/02/23 17:42:58.5 0.739 102 1.02 1 

'lEI ±0.5s ±.oI 
91/03/09 20:58:40.5 0.3813 102 2.81 2 

201 ±1.5s ±.oa 
91/03/18 19:43:25.1 0.24:! ii) 2.11 2 

4E2 ±3s ±.Ol 
91/03/20 13:55:45.3 0.635 102 1.46 3 

'lEI ±l.Os ±.O04 
91/03/27 14:26:37.3 0.106 102 1.01 1 

201 ±0.5s ±.Ol 
91/03/27 16:14:11.7 0.546 IO:.! 1.07 1 

'lEI ±0.5s ±.O03 
91/04/03 18:31:49.0 00405 75 2.05 3 

'lEI ±2.0s ±.Oll 
91/05/17 14:49:41.7 0.772 102 1.42 2 

lE2 ±1.5s ±.006 

1. After removing t.he cont.ribut.ion from t.hl' occult.ing/eclipsing sat.ellit.e 
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3 Comparison of Observations with theory 

3.1 Introduction 

During the mutual event season the Sun, the earth, Jupiter and the 

Galilean satellites are very nearly in the same plane. Fig. 3.1 shows the 

geometry when J 1 ( Io ) is passing behind the shadow of J:2 ( Eurolla ) and J3 

( Ganymede) is being occulted by J:2. Both these events can not be observed 

simultaneously by an observer on earth E due to different corrections for the 

two kinds of events for light tran"l t.ime. 

The observed light curve on reduction using the method described in the 

previous chapter represents the variation of the fractional area in the shadow 

cones for eclipses and behind the occulting satellite for occultations. 

(lobs.Robs.X obs,Yobs,Zobs) 
Earth 

(Ts, ,Rs, .XS1.YS1.ZS') S' 2 

, , 

(Ts2,Rs2.XS2.Ys2.ZS2 ) 

Fig. 3.1. Geometry during a mut.ual E"vent season. Tht> Sun, t.he earth, Jupiter, 

and the Galilean sat.ellit.(' lie very nearly in one plane, leading to the 

possibility of occurrence of lllut.ualocclIlt.at.ions (e.g. here 203) and 

eclipses (e.g. 2El). 
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If one assumes a uniform disc for the sa,telli tes, the geometric area intercepted 

woulci" be a direct measure of the light loss. For a realistic a,pproach to' the 

problem one must however take into account the variation of intensity across 

the disc. 

The rate of change of the int.ercepted cu:ea depends on the event geom

etry. The depth of an event depends on the impact parameter which is the 

minimum projected distance between the centres of the two satellites for oc

cultations; for eclipses the impact parameter is the closest projected distance 

of the eclipsed satellite to the shadow centre. The projections are on the sky 

plane, heliocentric for eclipses and topocentric for occultations. The duration 

of the event depends on the impad paramet.er and on the relathre velocity 

of the two objects project.ed on thp sky plane. Using the theory of motion 

of satellites of Jupiter (Lie-ske 1978, 1980) to predict the planeto-centric dis

tance and the velocity of the sa.t.ellit,es, t.heoretical model light curves were 

generated. In the present. study it was a.im~d to fit the observed light curves 

with theoretical model light curves using Marquardt's curve fitting technique 

(Bevington 1960) using a·PPl·opriat.e models to describe the global reflectance 

characteristics of t.he edipsf'd or occult.eel satellite. Bee.a.use of their simp'lic

ity, we llsed Lommel-Seeliger's law, Lambert's law and Minna.ert's law to 

model the light curves. For light curves of good signal to noise ratio, the 

effects of non uniform albedo over t.hE" surfa.ce either from equator to pole or 

due to difference in nature of terrain luwe also been investiga.ted. In the fol

lowing sections, the method t.o cRlcula.tE" the event geometry a.nd prediction 

of the light loss are presented. 

3.2 Calculatioll of Event Geometry 

3.2.1 The Eclipse Geolnetry 

The geometry of an eclipse is SllOWll schematically ill Fig. 3.2. Following 

the nomenclature used by Akslles (1974), an occulting or eclipsing satellite 

is denoted as 51 and the occulted or eclipsed satellite is denoted as 52. In 

Fig. 3.2. S, ~n and 52 are thE" Sun, thE" eclipsillg satellite and the eclipsed 

satellite respectively not drawn to scale. (l is the apex of the umbra! cone 
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and P is the apex of the penumbral cone. The umbral and penumbral radii 

at the distance of 52 are given by (Aksnes 1974), 

(3.1) 

R R R8 
82 - 81 R + R 

R - R .. I 
p - I R 

Rsl - R..l Rs +" RI 
(3.2) 

where Rs1 , Rs2, RI and Rs a.re the Sun - "51 distance, Sun - 52 distance, 

radius of 51 and radius of the Sun respectively. 

Fig. 3.2. Geometry of an eclipse. The centre 52 of the satellite 52 is at a distance 

of R from the shadow axis (5ll ). RI' and Ru arE' t.he radii of cross 

sections of the penumhl'alanc! umbral COllt'S at the loca.t.ion of 52· R's, 
is the appa.rt"nt rac.lius of t.he Sun at t.ht' location of 51 1\.'$ seen from tht' 

eclipsed satellite. 
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The expected light loss at. any insta.nt. during the event. can be com

puted from the predicted values of Rp, Ru. and R, the instantaneous sepa

ration between S2 and the shadow axis. The light curve can therefore be 

constructed knowing the time variation of R. During the mutual event sea

son, the planeto-centric declination of the Sun and the earth are small. The 

orbital planes of the Galilean sa.tcllit.~s al'e close t.o the equatorial plane of 

Jupiter. As a result of the grazing view of the orbital plane of the satellites 

from the sun and the ea.rth, the apparent orbits of the satellites would be 

flattened to linear motions pal"alld t.o ea.ch other and perpendicular to the 
~ 

spin axis of Jupiter. The impact paramet.er during an event is a measure of 

the latitude separation between the satellit.es. The instantaneous projected 

separation R changes owing t.o t.he relative longit.udinal motion of the satel

lites. The heliocentric dist.ances Rsl and R.~2 required to ca.lc.ulate the umbral 

and penumbral radii and th(> scparation R were c:akulated in the following 

manner: 

The heliocentric earth's equat.orial co-ordinates of Jupiter were calcu

lated from the heliocentric distance (RJ), hdiocentric longitude (I) and lati

tude (b) of the planet published in t.he Indian Af;tronomical Ephemeris (1991) 

based on the DE-20D ephemeris at two day intervals, using the well known 

relations. 

X J = R" ('os 1) cos 1 

}"J = RJ{ (':os b sini cos f - sin b sin €) 

Z J = RJ{ cos b sini Sill € + sin bcos €) (3.3) 

These co-ordinates were then processed back to 1950.0. The instantaneous 

position and velocit.y of t.h<:, planct, W(,I'(-> obt.ained by quadratic. interpolation. 

The positions and velocit.y of t.h~ satellites wit.h respect to the equa

tor and equinox of 1950.0 were comput.ed using the quick loading routine 

'I<ODQII<' along with 'EPHEM/E-3' and 'GALSAT' of Lieske (1977, 1987a). 

Corrections for light tra,vel tilne bet.ween the two satellites and the S2 - ob

server distance were taken into a.ccount by combining the position of observer 

at the time of observation (Tobs) wit,h tha.t of the position of the eclipsed 

satellite at time (T.2 ) and the position of the eclipsing satellite at time (T.s1), 

34 



where 

Ts2 = Tobs - Ro2/c 

Tal = Ts2 - (R s2 - Rsl )/c (3.4) 

where c is the velocity of light Ro2 is the observer - 52 (E52) distance, Rs2 

and Rsl are the 8un - 82 (8S2) and Sun - Sl (S81) distances respectively 

(Fig. 3.1). 

The heliocentric distances Rsm (m=1,2) and the topocentric distances 

Rom (m=1,2) were calculated from 

= (Xjm + :rulI ) + (ljm + Y.ml) + (Zjm + ZS1l1) (3.5) 

Rom = Xom + l~m + Zorn 

= (Xsm + X.WII - Xoll $) + (}'~m + YSllfl -l~bs)+ 

(Zsm + ZS1/.fl - Zo/J,~) (3.6) 

where (.\jm, ljm, Zjm), (:1'/1111, YMI" Z"1II)' (XSI/II' Y811n, ZSlln) and (.:X' obs, Yoh, 

Zoba) are the heliocentric co-ol'dinat,t"s of .Jupiter, Jovioc('ntric co-ordinates of 

the satellites at tim~ Tam, g~ocent.ric (,o-ordinates of Sun, and the geocentric 

co-ordina,tes of observer a.t the t.ime of observa,tions TOl18 respectively. The 

r.o-ordinate axes are earth's equat.orial r.o-ordinat.es of 1950.0 epoch. 

Tal and T82 were calcula.ted it.erativ('ly from the observed mid time Tobs 

using Eqs. (3.4), (3.5) a.nd (3.6). Th(' solutions converged within three to 

four iterations. 

The distance between the ('('nt-res of the two sat,ellit.es projec.t.ed on the 

sky plane as seen from the Sun were obt.ained from 

R = r 81$2 .sinu (3.7) 

where rs182 is the distance betwl'en the two points 011 spa.ce where Sl was at 

time Td and S2 at time Ts2, flJ.1C11l is thf' a.ngle bet.ween S1 - Sun and Sl -
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S2 vectors; r s1s2 and u were obtained from the following equations: 

Ys182 = Ys2 - Ys1 

Zs1s2 = Zs2 - Z81 

( 2 2 2 )1/2 
7's182 = X s1s2 + Y s l s2 + Zsls2 (3.8) 

cosu = ( _ X sI ) X8L~2 + ( _ Ysl ) Ysls2 + ( _ ZSl) Z81s2 • 

Rsl 7'sIs2 Rsl r81s2 Rsl 7'sla2 
(3.9) 

The veloeity V of the cent.re of S2 relat.ive to the shadow centre projected 

on the plane of the sky as seen from the Sun were obtained from the set of 

equations, 

. . . 
= .. Yam + Ysm + ZS11l 

= (~"tjm + ;i~sm) + (1:'jm + Ysm) -+ (Zjm + zsm} 

Vs1s2 = {(V;r S l S 2)2 + (VY.~ls2)2 + (l/zs1s2)2}1/2 

= [(~"ts2 _~Y.~1)2 + (1:'~2 - tl)2 + (Z,,2 - ZsdJ 2 

v = Vs1s2 .sinw (3.10) 

where the dots refer to time derivatives, of the quantities defined in Eqs. 3.5, 

3.6 and 3.8, w is the angle bet\l\1(:-en Sl - SUll and the relative velocity vec.t.or 

V,,182 given by 

( )lSI) V:r s18Z ( Ys1 ) r Y81s2 ( ZSI) V =8182 cosw=--- +--. +-- . 
Rs1 V,ls2 R.~1 V!l1 s2 RSI Vs182 

(3.11) 

3.2.2 Types of Eclipses 

The distance (R) obtained using Eq. 3.7 at closest approach is the 

impact parameter. The impact. paramet.er determines the type of the eclipse 

if one occurs. 

No eclipse is possible if R > R2 + Rp 

a) If R < R2 + Rp and R > R2 + R'II 

a penumbral eclipse is possible. Fig. 3.3(a). 
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b) If R < R2 + R" and R > IR2 - Rill 

Partial penetration into t.he' umhra oc(,urs. Fig. 3.3{b). 

c) If R < IR2 - Ru I and R2 > Ru 

the entire shadow core will be intercepted, since S2 is larger than the umbral 

radius the eclipse will be annular, Fig, 3.3( c). 

d) If R < IRz - Rul and Ru > R2 , 

S2 will be entirely covered by the umhra. The eclipse will be total, Fig. 

3.3( d). 

PENUMBRAL PARTIAL 
,_-- ............... b 

/" ...... 
/ \ , \ 

I \ , ' , ~ 
I , , , 
\ I 
, I 
\ I 

\ , 
""... ,./ 

ANNULAR (UM BRA) TOTAL (UMBRA) 

Fig. 3.3, Types of eclips('S. TIl(' 1'('I~t j\'(' si):('s of ,II<' !>('lIwnhra. (R,)). umbra. 

(Ru ), the ra.dius of t,Il(' <,ciips('(1 s~t,dlitE:' (Rz) and it.s sepal'atioll fl'om 

the shadow axis (R) detC'rllliu(' the' t.,)'J)E' of the ('dipsE'. The eclipse can 

be annular (e) if Rz > Rit 01' total «I) if Rz < Ru. 
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3.2.3 The Occultation Geometry 

A mutual occultatioll takC's plac(' \\'11(,ll any two of the satellites are 

aligned with the observer, for example Sl (J2) and S2 (J3) in Fig. 3.l. 

Calculations of the occultat.ion g<'omet.ry is straightforward since the disc of 

Sl physica.lly obstructs t.he view of S2. The correction for light travel time 

is taken into account. by taking t.he posit.ion of S2 at time Ts2 when light 

left it aft.er rcfkction fro111 it.s surfa.ce t.owards the observer reaching him at 

time Tobs, the' pm;it,iol1 of Sl whe'll t.he' 1,e'(l.111 which st.arted at. Ts2 from S2 

was interceptC'd by it at. tinw T.~}, and t.h<' ohserver's posit.ion at time Tobs. 

(Aksnes, Franklin, 1\1agnusson 1D8G). HC'ncc 

T.~2 = Tob.~ - R021e 

T - T Ro2 - Rol 
.~l - .~2 + ---

c 
= TO/M - ROlle (3.12) 

Rol and R02 WC1'(' C'alcnlat,c\d using Eq. (3.G). The> dist.ancC' bCt.WC'(,ll t.he 

centres of Sl and S2 in t.he' sky pl<luc' during t.he ('vent. is givE'n hy 

(3.13) 

where the superscript.s refer t.o occult.at.iolls. 1'~1s2 iR t.he dist.ance between 

the centres of Sl and S2, '110 is t.hr angle h(>t.wc·'cn Sl - observer and Sl - S2 

vectors. For the' oC'cult.at.iolls ouc take'S t.1l<' t.()})o('c>nt.ric a.spect., 1'~182 and tt O 

were calculat.ed using t.ll(' <'<plat-iolls 

o ,,(,. ,,-
:1~s182 = .i02 - _ioJ 

o 1- 1" Ysh2 = '02 - '01 

(3.14) 

where(Xol,l'~l,Zod and (Xo2 ,Yo2,Z02) are t.he coordinates defined ill Eq. 

3.6 for times Tsl a.nd T,2 obt.ained using Eq. (3.12) and 

( 0) ( XOl) l:~ls2 ( }~l) Y~I.~2 + ( Zol ) z~182 cos U = - -- --- + - -- --- - -- ---. 
Rol t'~182 Rol 7'~1.t2 Rol r~1.t2 

(3.15) 

38 



The sky plane velocity VO of 52 relative to 51 for a terrestrial observer is 

obtained from 

(3.16) 

where Vsis2 the velocity of 52 relative to 51 is given by 

(3.17) 

where PC om, Yom, Zom, m = 1,2) rdC"r t.o the time derivative of the quantities 

defined in Eq. 3.6 at t.ime Tsm, v.,'O ill Eq. 3.16 is the angle between '51 -

observer' vector and the' l'elc1.t.iv(' velocit.y vector, it is calculated using the 

relation: 

( 0) _ ( X o1 ) V°:l:sJ 82 + ( YOJ) 1'°Y81s2 ( Zol ) V O Zsls2 cosw - -- -- + -- (3.18) 
Rot Vs182 RoJ V,is2 Rol Vs182 ' 

3.2.4 Types of Occultatiolls 

Occultation of a sa.tdlit.c> of ra.dinf> R2 hy another of radius Rl is possible 

if the separation R hetween their centres projected on the topocentric sky 

plane satisfies the condition: 

a) R < R~ + R2 where R; = RJ Bu. The occultation will be partial if 
Ito 1 

1 

R> IR2 -R11· 
b) The occult.ation will be t.ot.al if R < IR2 - R; I· 
c) The occultation will he (u11mla1' if n < IR2 - R~ I and Rl < R2 · 

3.3 Phot0111etric Functiol1s Used ill tbe Study 

3.3.1 U11iform Albedo Distributioll 

Fig. 3.4 shows geocentric view of the satellite 52. S2N;ris along the 

normal to the orbital plane of the satellite. The point Q' on the surface of 

the satellite would be s€"en projertcc1 a.t Q on the disc of the satellite for a 

terrestrial observer. The intensit.y of light received by the observer from Q' 
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would depend not only 011 t.ht' ,-iewing geomet.ry but also on the scattering 

properties of the surfac{'. It is aSRul1lNl t.hat thp entin' surface of the satellite 

has the same average albedo. 

Fig. 3.4. Terrest.rial \'i~\\' of t.ll(' ~atdlit.(~, :\ point q'(B, 11') 011 t.ht" slII'face of t.h~ 

satellit.e will bE.' ::;e('11 (>I'ojc('/(Id 011 t h(' di::;(' (E.J N jS2 W) a.t. tIll' poillt (J. 

The angles of incidence and \'ell('('t'1I1ce of stllllight. at Q' 81'(" i and E 

respectively. 
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The photometric. fUllct.ioll 1(,1.0, II, 0') us('d in the eRt.imation of light loss 

during the mutual eclipse' is a measure' of t.hf' light r('ceived from an ele

mentary area on the surfacc' of t.h(' satellit.c' which is illuminat.ed at. all angle 

cos -1 (po) and viewed at. an angle- cos -1 (; I,) to the smi(l,ce normal Al pha 

is the sola.r phase angle. Sevcl'al cxpr(,RRions have be'en worked out. by 

. various authors to explain t.hf' ohsrl'vC"d l'pflectauc(' of sola.r system object s 

without atmosphere. S0111e' of t.heHf' are empirical rda,t.ions (Hapkr 10G3; 

Irvin 1966; Minnacrt 1941). ScattC'ring laws for particulatC' surfa.res of arbi

trary albedo have been dC'riV<'d from ra,dia,t.iv(' transfer by Lumm~' and Dowel 

(1981); Goguen (1981); Hapke (1981). The sca.ttering la\vs most commonly 

used are given below: 

1) Photometric function for lunar likc' surfaces df'vC'iopC'd by Hapke' (19G3) 

and Irvin (1966) which cOl'l'c'ct.ly dc>snihc' thc' s('at.t.ering from a dark porous 

surface like that. of t.he moon is giV(,ll hy 

I{j/.() , II., (\) = F . .f( (\') ( 11.0 ) 
P.o + I' 

( 3.19) 

where 

F in('idc'nt solar flux and 

f( (X) = phas(' fUlldioll of t.he surface. 

This funct.ion rlose'ly approxilllH t,('S t.hc' scat.t.C'ring beh<lvio'llr of me-my low 

albedo part.iC'ulat,(' ma.t.c~riaIR. Thc' angular ('hara('t.c~riRt.i('s of this fnnction is 

the well known LOlllm<.'l-Sc'dig<'l"R law. 

2) For v('ry bright f;nrfa.C'('s Oll(' C'all lUi(' Lambc~rt.'8 law giV('ll by 

(3.20) 

where r ll iR t.he normal alhc>do. By d(~finit.i(,)ll, a Lamhert. Rurfa,('C' a.pp<'ars 

equally bright when "i('w('(l frolll allY Rngle a.1ld l'dic·ct.s aU t.he· light. iuriclC'ut. 

on it. 

3) A widely used empirical phot.omet.ric function is t.ll€' Minna.eI't's fUllction 

(Minnaert 1941) given by 

I( n ( ) Ida) 1.-(\')-1 
JI,o,p,n) = 0 0: -1"0 _It (3.21) 
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where Bo( Q) and ],.( a) are the two Minnaert."s paramet.ers which are functions 

of a and the wavelength. GogUC'll (In81) has shown that Eq. 3.21 is only 

a crude approximation to the scat.t.ering propert.ies of real surfaces; however 

it has been found to he valid for ncar zero solar phase angles. Therefore 

Minnaert's law can be ns('d as a conveniC'ut. approximation (except very close 

to the limb) to study small phase angle dat.a. Since the maximum solar phase 

angle at the distance of .Jupiter is less than 12°, this law has been used in 

the present study. It has b('en successfully used by Simonelli a.nd Veverka 

(1986) to analyze Voyager obser":,,at.ions of 10. In the extreme case when 1.:( a) 

is equal to unity Eq. 3.21 represents Lambert's Law. 
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Fig. 3.5( a). Variat.ion of tht> phot.olll('t l·ic fllllel ion along the equat.or for a !(,rI'('S

trial ol)S(>rver, fOI" a ~lal' phl\~(' angl.' of 110. The ('ont.inllolls line is 

for Lomm('\-Seeliger's law; t he long dashed line for I.ambert. 's law; the 

dotted dashed line for Ha.pke's la.w for parameters for 10 from Oescamps 

et al. (1992}j and the short dashed lines-MiuIlMrt's law. For Minnaert's 

curves the labels 1-4 refer t.o VahlE'S of k( 0') from 0.3·0.6. 
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4) Hapke's function (without macroscopic roughness) has the form 

I(flo, 1-',0:) = ~.( 1-'0 ) [{l + B(o:, h)} P( ex, g) + H(w, It) x H(w,po) - 1] 
47!' Po + P 

(3.22) 

where B(a, h) is the ba("kRca.t.tel' function (Ha.pke 1981); h is the compaction 

parameter, P( a, g) is the singlf" partide pha.se fUl1ction, w is t.he an'rage sin

gle scattering albedo 9 is the asymmetry pa.rameter for the Henyey

Greenstein phase function, and H ( w, J.l) and H ( tI.', JJ.o) are Ha.pke's approxi

mations to functions tabulated by Chandrasekhar (1950) given by 

1 + 2p 
H{'w,p.) = r,--:::' 

1 + '2p v 1 - 'W 

c 

2.0..----...----,----.----,..--....... ---, 
I ' 

I ' 
1 I ' I I 

I " o 1.5 :;: 
;' 2 I 
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I ;' 
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:::J 
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Lati1ude ( Oeg ) 

Fig. 3.,t.(b}. Variation of the photon1t'tric fuuction a.long t.he (.'('ntra.l11lel'idian. Otller details same 

as that for Fig. 3.5(a). 
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Table 3.1(a) Brightness rat.ios and boundaries llsed in the model for 10 
Region Latitude (b) Relative brightness I 

on 10 (deg) 
Equatorial band 0< Ibl >50 

Polar regions 50 < Ibl 

Overlapping regions 50 < 1/)1 <60 

Scattering law Millnaert's law 

1. Through R and I filters 

0.85 011 the trailing hemisphere 
0.90 on the leading hemisphere 

0.49 

0.5 Equat.orial + 
0.5 polar 

Table 3.1(b) Features modelled 011 Ganymede 

Feature Relativel.:! 
brightness 

Perrine 0.765 

Nicholson 0.765 
east and west 

Bright ray 1.28 
Crater Tros 

Bright Polar 1.16 
Caps 

Scattering law: Lunar like 
(Lommel-Seeliger's law) 

Relative brightness of ut>afault regions = 0.86 
1. Squyres and Vew'rkl\, 19tH 
2. M a.llallll\ W91 . 
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Variation of the photometric functions given in 3.19-3.22 along the pho

tometric equator and meridian are shown in the Fig.s 3.5.( a) and (b) respec

tively, for typical values of the constants. 

3.3.2 NOll Uniform Albedo Distribution 

In the post Voyager era, the full potential of mutual event data can 

be exploited by taking into account the differences in albedo over different 

terrains on the surface of the satellites. Most of the events observed from 

VBO during the 1991 apparitions involved occ~ltations or eclipses of 10 by 

Europa. 10 has a broad equatorial band, with brighter white ma.rkings and 

brown polar regions. The mutual event observations from VBO were carried 

out in R and I band. The Voyager ima,gery was carried out in the wavelength 

region 4000A to 7000A. We have therefore used the published values of the 

equator to pole albedo ratios by Simonelli and Veverka (1986) for the orange 

filter observations as the starting values. Best fits were obtained for the 

relative brightness values given in Table 3.1(a). For the single observation of 

occultation of Ganymede by Europa, the phase functions I( ex) in Eq. (3.19) 

derived by Squyres and Veverka, (1981) have been used. Albedo boundaries 

on 10 and Ganymede used in the present study are given in Table 3.1(a,b). 

3.4 Computation of Ligbt Loss During the Mutual Events 

3.4.1 Light Loss Durhlg all Eclipse 

The light loss in the umbra and the penumbra were computed using 

the method described by Aksnes and Franklin (1976) modified to include 

the effect of limb darkening on the eclipsed satellite. Fig. 3.6 shows the 

geometry for a particular case as seen from the Sun. The eclipsed satellite 

totally encompasses the umbra trU' and part of the penumbra LT IW M 1( L. 

S2S~ is the track of S2 with respect to the shadow centre. Fig. 3.7 shows 

the heliocentric view of 82; S2 is the centre of the eclipsed satellite, S and E 

are the sub-solar and sub-terrestrial points respectively. 

The great circle perpendicular to SS2 in the plane EJ NS2 W is repre-
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sented as (LTIll'.MDL) in Fig. 3.6. Thf' portions on 52 immersed in the 

umbra will be totally dark wlH'l'<'HS th(' regions in the penumhra at a radial 

distance :r from the shadow Clxis will hewe intensity (l - lp(.r») which va.ries 

from a value 0 at the inner surface to 1 at the outer surface of the penumbral 

cone. The penumbral intensity at any point was estimated by computing 

the area of the apparent disc of the Sun of radius R~, at the distance of the 

eclipsed satellite as seen from that point (Aksnes and Franklin, 1976). The 

limb'darkening parameter on the Sun at the wavelength of observation used 

in the calcula.tions were taken from Allen (1963). 

S2 

Fig. 3.6. Heliocentric view of an edipse event. S2S~ is t.he path of the eclipsed 

satellite relative to the shadow centre 0.52 N J is paral.lel to the direction 

of north pole of Jupitel'. Cs is t.he C'lo~ approach point on the track. 

In this particular caSt> t,ll(' 1-1atcllil.(' is ann\l)"l'ly t'c1il)sed by the umbra 

llU' and pal'l,ially cclip~cd hy th(' IH'IlUlllhl'8. LP/r~lI'L. 
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In Fig. 3.7 i and f arC' th·, anglC's of incidC'nce and refiC'd.au("(' respectively 

and a is the solar phas(' anglC" ( posit.ive ill this ca.se') let. 

Po == ("as 7. 

J.l == cos c 

wi == 1.0 for the limit,('d regions all S2 (3.23) 

== 0.0 for l'<'gions beyond the terminator 

The loss in light. ill t.he lW1l1Ullhra a.s S~'('ll by a t.crreRhial ohRcrver is calculated 

as follows. 

Let da be' an C"}C'l11('nta.ry a1'<'a at. Q' which on projedioll on t.lw sky plane for 

a t.errestrial obst'l'vf'r-has a vahw d(/.(, and projectioll on the sky plane for a 

heliocentric observ<:'r has a. "alll<' da.~ I-mch t.hat. 

ll<'llC(' 

dat = da./I, 

d(l.~ = da.llo 

da( fl == do ll.-

JI·O 
P. == ;'I'd</>d:r.-
/lO 

(3.24) 

Th<:' shadow con(' is along tIl(' SZ",SUll dir('dion. Ou(' however views the event 

from t.he eal,t.h. The light, IORs Wh<'ll all ('1(,1lle'ut,8l'Y arC"a da c is ('"ov('red hy the 

penumbral ("on(-' will ht, 

where wi ('xdud('~ t.hc.' rC'giolls ~\t th(' limb l)("Y(>11d t.h(' t.erminatOl· and 

1(jJ,o,ll,a) is defined in HC'('t.ioll (3.3.1). URing relations in Eq. 3.24 

. I' 
dLll = 1,/.'11".1(1'0,1/'(\')'([(/.11'-' 

110 

This is ill accordanc(' wit.h t.he' l'C'<'ipro('ity principle' ( Milllll'lt'rt. 1D41) given 

by 

(3.25) 

The total light loss ill t.he penumhra will hf' 

clLp = J J lp(;1').1Ili.I(po, Il,a·)~cl(J'8' ~:. (3.26) 

47 



The light loss in Eq. 3.26 was computed in two pa.rts following the 

method of Aksnes and Franklin (1976); the inner aIUlular region bounded 

between the umbral boundary (ao = Ru) and circle of radius al and an outer 

region bounded by radii aI, a2 and the limb of 52 (LTIlVAf 1\L) : 

al 271' 

Lp = J J Ip( .l~ ).wi.I(p,o, Il, a ).x .dl/>.dx..t:..+ 
IJo 

. ao 0 

(12 P 

J J .lp(:l' ).wi.I(/J,o, It, a ).:r.d</>.dJ·.~ 
Po 

al -13 

(3.27) 

where t3 = LTrOs2 . The limits of illt('p.;rat.ioll (/0. (1.1, Ct2 were c.a1culated using 

the rela.tions (Aksnes and Fnlllklin 10(6) 

ao = mill[R /1 .1ll<lx(R ,t ,R -R2 )] 

(/1 = mill[RJI,max((lo, R2 - R I )] 

(1.2 = min[RI" R + R2]' 
NJ 

(3.28) 

Fig. 3.1. lIelio('entric vj('W of th(> AAt<'lIitC ('(,111 .• ,(>(1 81 82. The point. Q 011 t,ht' dj!'l(' of t.he 

satE'lIite as J'I('(>11 f,'olll t.h(' SUII (,')I'r('~poIUls 10 th(' point Q'( e,~,) on the StlrraCC,', 
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For the point. Q' on S2 (Fig. 3.7) 

fJ.o = cos '1/' cos 0 

For eclipse events the longitude is measured more conveniently from S. The 

plane containing the centres of the Sun, Earth and the satellite is inclined by 

less than 0°.5 to the orbital p~ane of the satellites and the equatorial plane 

of Jupiter. Therefore motion of S2 would be very close to this plane; S2N::r 

and GsO (Fig. 3.6) would be parallel to the spin axis of Jupiter (Aksnes, 

Franklin and Magnusson, 1980). Fig. 3.8 shows the terrestrial view of the 

sequence of the event; the defect. of illumina,tioll on S2 would always be either 

at the leading or trailing limb, depending on the sign of the solar phase angle 

a. The co-ordinates (O,~)) C?f tht> point. Q' (Fig. ?7) can be calculated froln 

the position (x, 8) of the corresponding point. Q (Fig. 3.6) using the following 

relations. 

QQ' 
cos '1/' cos 8 = S2Q' 

= y'r-1-_-( S"""2"""'Q-'-/ R"""-z-::')'J. 

= .J 1 - ( • .:;/ R.2)2 
. S').B 

cos ~, Sill e = --'
Hz 

= _ S;? X Sill(NS2Q) 

= -..!.. x Sill(OS2Q - 11) 
fl.2 

sill 111, = Sn2 Q X rOR( N 52 Q ) 
'.l 

0;: 

= -' X cos( OSzQ - 11) 
R'J. 

1/ = al'('t.an(d/y) 
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PENUMBRA 

Equatorial plan. of Juplt.r 

Fig. 3.S. Terrestrial view of the path of 82 across the shadow cone. The defect 

of illumination on the disc of 52 will be at Ute leading or trailing limb 

depending on the dil'ect.ion of itll I'dative mot.ion and the sign of the 

solar phM(, aJlgl~. C E' if; t h(' dOf;(,l'-lt point. 



Fig. 3.9. Geocentric view or an occultation or the satellite 52 (LTIWMDL) cen

tered at S2 by the satellite Sl (LP'PMI<L) centered at Sl. in the partia.l 

pha.se. 52S~ is the track or 52 rela.tive to 51. 
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where R2 is thr radius of ('('lips('(l satc'Hi t.<\ d its distance (CsS2 ) from th(' 

closest a.pproa.ch point Cs (Fip;. 3.G),tlud y the impact panu'll€'ter. The light 

loss in the umbra is givcll by I 

III 271" 

Lu = J J wi.I(ll'()'Jt,CI').;r.d4>.da.:.:~ + 
ILO 0 

U,2 11 ,~ 

J J wi.I(II'l)' II., n ).;rd</>.d;r. . ..!!:... 
po 

u 1 -/3 

(3.30) 

where t(.o, HI, 71.2 ,thf" limits of int.('p;rat.iou <'11"(' dct('rmin<>cl for ca.('h iw;t.a.nt. as 

in case of thc' p<'lmmhra.llimit.s: 

110 = lllill{RII,llll\X(O.R-R2)} 

'UJ = mill {R 1/, lllHXCUO, R2 - R)} 

'li.'2 = lllill{ R II , R + R:d. (3.31) 

Th(' tot.al light. losH ill t.h(' llmhra lIud pC'llUmhra. Wa.R normalized with 

respect. t.o t.he' tot,allight. frolll t 11(' l1ll('rlips('d smiac(' of 82, bdoL'(> ('Olllpal'isoll 

with th(' ohs('rwd data. 

Light from t,h(' 1l11edips(\d sat.('llit.(' iH 

1l2271' 

L = W1.I(t'o,p,n).:ul</>.d:r.-. If . po 

Ito 
() () 

(3.32) 

The illt.(~gra tiol'ls w('r(' rarri('<l out l1Hiug <1oubl<' 12 Rt(~P GauHsian qna.dl'('I.· 

turc. 

3.4.2 Light Loss During an Occultation 

The gf'ome-t.ry of C\. p(\l't.ial ()(·('ultat.ioll i:'l shown ll1 Fig. 3.9. LP' P:M !\.' L 

is the occulting Rat("llit.e ('cmt<.'l'('(l I'\t. S1' LTl\VMDL is the occulted sa,tellite 

centered at 82 whkh repreH('llt,!o\ t.h<> suh C'(\l'th point 011 the disc (Fig. 3.4). 
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5'}, 5~ is the o(·ellltat.iou track. Cs is t hI' dmH' approach point. TIl<' loss ill 

light is equal to that is reflected from the arc~a L Tln·.\1 !\' L from S2. As ill 

the case of eclipse 

01 21r 

Lo = J J wi.I(p.o.p.. a: ).x.d</>.dx+ 
00 0 

02 i3 J J wi.l(p.o.JL. Q }.x.d</>.dx. 
01 -tJ 

(3.33) . 

The elementary area at (a:, </» all the elisc 82 is xd</>dx as seen by the 

observer. The limits of int.egl'a.tion 00,01,02 are obtained from 

• I 
00 = 1l1ll1[Rl' max(O, R - R2 )] 

01 = min[R~,ma.x(00,R2 - R)] 

02 = min[R~, R + R2] (3.34) 

wi is defined in Eq. 3.23. The light from the unocctuted satellite will be 

R2211' 

L = J J wi.I(Jlo.Jl, Q }.x.d4>.dx. 
o 0 

(3.35) 

The light from the satellite either outside the occulta.tion event calculated 

using Eq. (3.35) or outside eclipse using Eq. (3.32) should the same. This is 

indeed so because in Eq. (3.35) 

(3.36a) 

where as in Eq. (3.32) 

X .ddJ.d.t· = da. (3.36b) 

using the relation between da t and da ,l ill Eq. (3.24) it is readily noticed 

that Eq. (3.32) and (3.35) arc identicn!' 
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3.5 The Longitude Discrcpancy and thc Phase Correction 

Due to proximit.y of t.ht' ('a.rt.h to t.he Sun compared to the distance 

between the Sun and the .Tnpit,t'l" sy~tcm, l1lHt,nal eclipHcs and occultations 

occur in pairs. The time interval between the two kinds of events depends 

on the solar phase angle - typically a few minutes near opposition to a few 

hours at larger solar phase angles. The orbital longitudes of the two satellites 

do not change appreciably during the time interval between the occultation 

and the corresponding eclipse. The error in longitude as determined from 

the (O-C) of the event mid time should be the same for the two kinds of 

events. For a satellite ~: eclipsing or occulting another satellite 1 let 

flxlk = residual in km, in the sense (1 - k), measured along the track of 

the satellite 1 with respect to the shadow centre. 

flx;k = residual in km, in the sense (1 - k) measured along the track of 

the satellite 1 with respect to the satellite ~:. 8ince the two events occur very 

close in time and in space, one expects 

'\xec '" " ,.oc u. Ik - U'''lk 

However, from the analysis of the 1073 mutual event data, Aksnes and 

Franklin (1976) noticed that the difference flxiZ - flxik increased steadily 

with the phase angle. Similarly Lieske (1980) noticed that, compared to the 

E-2 ephemeris, the mean residual in right ascension was +0.030 arcseconds 

for the eclipse events in 1073. The mean residual for occultation events had 

a much lower value of -0.005 arcseconds. It appeared to indicate that the 

eclipses took place before the predicted times but the occultations were close 

to the predicted times. Aksnes~ Franklin and Magnusson (1986) resolved 

this longitude discrepancy by attributing it to the finite separation between 

the light centre and the geometric centre on the satellite disc. Fig. 3.10( a) 

shows the geometry of an occultation event when the. geometric centre E, 

the sub earth point on the occulted satellite 82 is closest to the centre of the 

occulting satellite S1. EN J is normal to the equatorial plane of 82. 
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For a post. oppositioll (',,('ut. t.hC' sub S\111 point 8 will be to the west of E. 

Tlwre exist.s nSYlllllldry in lig;ht <list,rilmtioll 011 the two ha.lves of the disc, 

t.he ea::;t.('l'll half l){'illg; 1'datiYdy flliukr ill addit.ion t.o t.lw phase defect at the 

east.ern lim!>. Th(' dist.ml(·C' of t,ll(' lip.;ht (.'(,11t.1'(, L from the geometric. cCllt,re E 

for the tlIlOccl11t,('d disc of 82 cau he' ol>t,ailH'd from the rC"la.t,ioll 

)':-+1" (IE, 
.:..J. I ' I, 

0.1'0 = ---
"BdEi 

km (3.37) 

where dE; is t.he lip.;ht flux frolll au eklll<'llt,ary arf'n. at a distance of xr frolll 

thC' polar axis EN.J 011 S2. For n part.ial cvC'ut, t.1w smnmn.tioll is earried ont 

only 0\'('1' t.h(' o('('ult.c'd portiou of t.he' <lise. Thc~ posit.ioll of L for partial events 

correspouds t.o t.hc' iut'('l's('d,iou of t.he llleridian through the light Gentl'e of 

the occulted regioll OIl t,ll(' ('<Plat.ot'. Thc' dfect of fillite sol(\,r pha.se a.ngle 

at the time of 111l1t.ual e\'('11t. whell tlw C'arth and Sun arc very dose to the 

equatorial plc\llC' of t,he satdlit,es, illt,l'OdtH'C'S (lis<:r~pnnc.y in longitude and not 

ill t.he laW, lH Ie. 

L(·t, b:r n 1)(' t,hc' pItHsc' (,Ol'l'C'd,iOll for 1111 impa,d, pal'lluwt,Cl' y. The varill,

tion of 6:rn wit.h t.h~ impact. pnn1ll1c>t.Cl' 5J for 1()2 and 201 cv('utf'! H.l'C' shown 

in Fig, 3.11 (a) and (I» l'('sppdiv<'iy. Thc' ('ollt,inu()us line COl'l'C'R})()uds to 

Lommel-Secliger's law (111(1 t.h(~ <lot.t,('d line COl'l'cRpol1ds to Lambert,'f'! law in 

the modeL III t,h(" ('nR(' of. LOllllllC'I-S<'('lig('r'R In.w, for t.hc 201 ('vc'nt, the 

pha.se correction firRt. iUCT('HR('S wit.h iU('l'('asc' ill impact p(IJ.·amet,(~r. This is n. 

consequclH.'(' of t.h(' highc'r (kgl'C'(' of Hsynllll<'t,ry alollg t.he longit,nde at la.rg<'l' 

dist.ances from t,he suh eart,It point. ill lougif.1ule (Fig, 3.5( a)). Whcu the 

occulting sa,teili t.(" is smaller HUUl t.1lC' O(·('ult.cd 011<', tlw Spa.ll of longit.ude 

coverage is la.rg(>r whell high('\l' lat.it.ude regions a.rc blocked, cOll1pa,r('d to 

the central annuli'll' ('W'ut,s. AR Ul(' o(,(·llIt.('d ar('(\' gradually climiuiRhC'R wHh 

increase in y, /.i:r ('v<'nt.nally hC"giuR t,o dC'('rcaRc. 

For occultat.io1ls, t.h<, asprC't, is t.oPC)('C'ut,riC' [Fig. 3.12( ft,)]. If 82 i!'5 moving 

eastwards the light rellt,!,<" (L) will hC' ()('cult,pd In.t<>l" t,hfl.ll the predicted t,ime 

which corresponds t.o dose' nppronrh of t.h(' geolll<:'tric centre E. Following the 

sign convent.ion of Aksnc'f; C't n1. (1080). a:l: (\ is t.akell pORit,ive if L is di!'5plfl.('.ed 

towards west frolll G. 
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Fig. 3.11 Varia!. ion of I he phase COIT('I' t iOIl b.1' (l wit h tile i lIlJ>lld pn I'n IIll'l PI' Y fOI' II 

sol(lr phase angl<:- of Ill); til<' ('0111 jll\lOllS lil1(' i;; IIsillg LOIlIIIH'I·S('('ligf'I"s· 

of EUl'opa hy 1o, (h) For lilt, o(,(,llIlalioll of 10 Jly i':tIl'OI'", Ill!' iIlCl'('IIS(! 

ill 8;1' £l' wil Ii Y ill t.Iw b<'gilll1illg is l\ (,OIl"('qllell(,C of liiglwi' dq;l'!'e ()f 

aSYlllmet ry at. lal'S<'" dist.all("('s fWln 11u: Sill wai't h poillt ill 1011 gi tude. 

(Fig. 3.5(a)). When the occlliting :::at.('lIitc is 5l11allcl' than the occulted 

one as in this case, til" spall of longi! IIde ('ov(,I'age is Inl'g<'l' whell the 

higher lat.itllde regions nr(' hlockC'd, cOlllpal'NI to the C('lIt 1'(11 IIll11ular 

events. As the occulted al'<,(1 (1('n('n!'('S wit II illl'n~a~(' ill y, 8.1' (\ (>\'('Ilt Hally 

begins to dc<:r(>(lse. 
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Fig. 3.12. GCOllwtl'Y illw:;!J'ntillg t he' IOllgit IId(· dis('I'('!lI\I\('Y, 'l'hf.' t.hcory pl'cdids mid time '1'g 

of an evcnt wll<'1l thC' gC'oll1C't.r'i(· ('('111.1'(' IHI::;~(,~ d()foI(,~t. t.o t.he t,nI'g<'t. 'I'h(> ob."<'I·vat.ions yield 

time of light. mini mil III Tl wh('n t.1l(' Iiglll ('('111,)'(' if; d()R('st. (.() t.h(' (.!wgt'(" (a,) I«H' occult,aiiolls 

the target. is th(' cent 1'(' S 1. ()f S 1, GNlIIwt.l'i<- ('('111.1'(' is t.h(' suh enl,t.h point g, (b) l~()l' (>c1 ips('s 

the target, is the c('nt.r(' C of 1\11\1>1'11 (tT) o\' lWllIllIlhra (1'), t.ltt' gcolllf't.I'i<- ("ClIt,re is tile> sllb 

Sun point. (5), L is (.11(' light C(,Ilt.I'(' hoth kill(ls of ('W'lIts, When (\' > 0, the occult,lIl,ion will 

be delayed if motion ()f S2 it'l C'nst.wIIJ'(1 wit.h 1'C't'lpCc\. t,o 51. Wh('reas t,he eclip!'Ie will occur 

earlier than t.he:' predidC'd t.ime, f()r 1111 cast.wAI'd 1lI0v(,lIlent of 52 I'cln.t,jve to the ::;hadow, 
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For ('eli PS('S t.h" asp('('t, is lwlio{'('ut.ric although one calcula.tes the light 

loss as H('(,l! from t.1l<' ('art,h. III Fig. 3.12( b), 5 is t.he sub Sun point, for 

(n > 0), L is ('(1St. of t.l1<' p;('ol1ld,l'ic ('('llt.l'<' (5), (i;t:C\, is t.llC'rcforc ll<'gat.ivC:', For 

B11 eHst,,'mci 1ll0\'('1lH'Ut. of 52 t.h(' light, (,(,11t.re' (L) will be eclipsed first followed 

by the g('omdric (,('l1t 1'<'( 5 ). For ('\'('llt,S bc,fore' opposi t.ion the locatioll of light 

centre will he OIl the opposit.c' side. Aksll(~S ct, al. (1986) pointed out, tha.t, 

sinc(' all the' eclips('s sa\'(' Olle' of the' 1973 sens01l were post opposition events, 

f\ posit.iy<, hias of the' l'<'Hicll1nls ('olllpm('d t,o E-2 <'phclll('l'is was obt,ained. The 

o('('ult.CltiollH O('cltlT(,d with ('<pHIl f1'<'(1'1<'11<')" before a.wl an('r oppositioll, The 

lll('nll l'('sidllal \\"11S t.ll<'l'dol'<' 11 l!('p;ligihl<' (pUlnt.it,y. 

The lOllp;i t ll< 1<' (,OlT(,(·tioll S\lgg('st.('d by Aksll<'S et. al. (1 D8G) should be 

a ppliecl to hoth kill< 1s of ('wut.s. Th(' (,Ol'l'('('\,ioll shoul( 1 1)(' appli(~<l t,o the 

ohserw,d tim(' of light llliuiml1Ul T/ to oht.ain t.he t.imc Tg of clOf;('St. a.pproach 

of the gC'ollldri (' ('('ut 1'<' to t.h(' t,nrgd. h"fol'<' comparing wi t.il t,h('ory, For 

occult,a t,iOllS. 

(3.38 ) 

(3.39) 

If FO is t.lH' sky plmH' Ydocity of t.lH' o('('l1lt('(l Hatdlit.C' (52) \vit,h l'('sp('d. t.o 

the occulting Hntdlit<, (51). If t,hiH l'datiy(' lllot.ioll is ('mlt,wardR, VOiR positivc, 

Thf' ,'aim' of 1.'0 is <'stilllat.(,cl nsillg l'dllt.iOll 3.16. (l:/:(\ if{ caicula.t,ed hy 

substit.ut.ing th(· ndw's of ,I'i mHl dEi ill Eq. 3.37. 

For t.hc' ()CClllt1ltiOll g(,()lll('tl'Y ill Fip;, 3.9 

where 

01 271' 

L1IIo = J J wi.I{J/()./I,n).:l'sin(4».a'd,p,da: 

00 () 

02 I~ 

+ J J Il'i.I(JI'o, p, C\' ).:l' Rill( 4».:l'rl,p(i:t: 

01 -II 
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(3.41 ) 



a.nd Lo is gin'll hy Eq. 3.33. 

For eclipses similarly 

T,q = T/ - {iTo· 

liTo. = [n:o·/F 

(3.42) 

( 3.43) 

where V, the sky plmw wloeit,y of S2 relative to the slmdow centre, is ca.lcu

lated using relat.ion 3.10. 

For t.h(' ('dips(' g('ollld,ry in Fip;. 3,G 

0:1' I' = LJl.J11 + LA111 
Lp + LIt 

(11 :.!71' 

LJl.f11 = jZp(;l')j'!C'i.[(/lo"I.,O').;I:. sin(¢).:l:d¢(h . .J!:... 
11.0 

aO 0 

(12 +11 

+ J /1,(;1') f /(1;. l{f/(l> I', n' };1'. Hiu( ¢). ;1' .d¢,d:l:, J!:... 
. Po 

II 1 -/~ 

III :.!71' 

L,UII = / j wi. [(f/o.ll,n).;l'. Sill(</J).:!'.d¢.d:I".!.!:.. 
• /"0 
uO 0 

112 +/1 

+ j /ll'i. [(f/o.I'. n). :1'. Hill( ¢). :1·.dq).{I:I' . .!.!:.. 
. f'o 

II 1 -Ii 

3.6 Fit of the Observations to the Model 

( 3.44) 

( 3AG) 

( 3.4G) 

The light (~1U'Y(,R m'l'<' l'('('ol'(lc'<l wit.h time' l'('solnt.iollR rnnging hC'hv~('n 

0.155 to 0.3s for f'lst, ('""utoS and hC'h\'('('ll 0.8 t.o LOs for slow (,V(,llt.S (Rcd,ion 

2.2). To imprm'C' t.lu~ signal t,o lloiH(' rat.io t,hC' llonmllizecl illt,(,llSit.y "nInes 

at these t.ime resolut.iolls W('1'(' hiuue'd ::;\1ch t.hnt. t.il(' tot, HI light C'1.1l·vc had 

approxima.tely 100 dat.a poiut,s. For the' C'dipR0 (:"V(,llts t.he illst,~.ntalWOt.lS sep

ara.tion R of t.he ('('llh'C' of e'dips('d sat(>llite' t.o t.he' ::;hndow centre 011 the sky 

plane at t.he t.inws Torl'~ ('olTC'spomlillg to ea.ch of the da.ta poiut WaR deter

mined using Eq. (3.7). The light. IORR L" ill pf'llUmbrCl, (I,lld LI/, in t.he umhra. 
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were calnda t,ed using Eqs. (3.27) <lnd (3.30) n'sp~d.ivcly. For occulta.tions 

t.he separnt.ioll het.wecn t.he' (·('Ut.l'e'R of th(' hyo s(l,tcllites on the sky plane was 

calculat.ed usiug Eq. (3.13) and t,Ile light. loss using Eq. (3.33). The loss ill 

light was t.h('u 8('n1<'<1 ill the l'nug<' 0-1 by llol'maliziug with respect. t,o the 

light fro111 the lUH'dipsed or lUl()('cll1t.ed sa.tdlit.e llsiug cit,her Eq. (3.32) or 

Eq, (3.35), to oht.ain Itll rOlT('l'poudil1g to t.h(~ timc To/)s' 

The obs(>r\"('<1 (Tobs, Io/).q) and t.hc'orct.kal (To/I.9,Itll) light eurves ,"vere 

fitted using 11arql1ardt,'s t.e('hnique, The frce parameters ill the fit were the 

,imIHH.'t pal'<uu('t,cr y and 11. shift. l>:l' "lollg t.he track S2S~ (Fig. 3.G for eclipse 

amI Fig. 3.D for o('('ult.ntiou). This shift. aloug Ute track is required to shift 

the theoretical gc'omdric <:<'ut.r<' t,o t,h(~ OhS('lT(,cl position of gcomdric centre 

(0 - C)Xg 11('11('(' 

(0 - C)X.~c = D:rer for eclipses 

,\. (I lor ()(~C\l ,f\. ,111S ( C) - C.' )."'"yor -_ .l.'l' or r It t' (3.4 7) 

3.7 Sky P lane Co-ordinates 

The main aim of ohserYillp; lllllt.nnl evc'llts is to dc'rive the ast.l'o1lld.ric 

positions of th(' snkllitc t.o r<'fill~ thc' t.ll<'Ol'Y of mot.ion of the sn,t,dlitcs. The 

derived impact IHlrnmd('r 'V' yic'lds t.hc' dOH('Rt. diRtnu('(' of the t.raek of the 

occulted (eclips('d) sHu'Hit.c' t.o t.hc' ('('utl·(, of t.h<' ()("(·nlt.iug sat.<'ilit.c' (sha.dow 

centre). At t,hC' t.imc' of lip;ht lllillimnlll Tr t.ll<' light e('nt.l'C is dOi-i('st. At thc 

time Tg t.he gC"omC't.rk ('('lltl'C' is clOSC'Ht,. 

3.7.1 Astrometric Positions During Occultations 

The relative' sq>nra t,ioll (~(\' ('osb, ~f,) at. 1~ 1 )('tW('('ll the.' ('('llh'Nl of the 

two sa t.ellit.es during em o('cnlt.at,ioll aH s('('n hy n t<'rreAtrinl obs('1'\'(,1' is 

(~(\ COR f,)g = y sill P 

(~~)o = U ('OR P ( 3.48) 

where P is the posit.ion augle:' of t.he projE"dioll of th~ north pole N J of .Jupiter 

on the sky plan<", ll1eClRUl'C'd froIll th<:' ('dE"Rt.ialllort,h. 



Thcs~ nst.rolll<'t.ric posit.iolls at. t.ime Tg of an occulta.tion can be directly 

combincd with phot.ographic ohsC'l'vatiolls for upda.ting the theory of motion 

of the satellit.es. 

The published astromct.ric positions prior to 1086 refer to time of light 

minimum T/ (Fig. 3.12(a)). One can eit.her correct the time by applying 

the correction given by Eq. 3.38, or nH.cma.t,ivcly the position of geometric 

centre at T/ Can be obt<1incd llsillg the rela.tiolls: 

(L\o' cos b) 9 = (.6.0' cos b)/ - 0:/: Ct cos P 

(~b)!l = (.6.b){ + b;t o SillP 

3.7.2 Astl'ometric Positions During Eclipses 

( 3.49) 

The helioccnt.ric separation (~<.I' cos 0, 68) of the geomet.ric centre of S2 

from the shadmv cC'nt.re nt. T,q is 

( 6(\' cos 0) 9 = Y Sill p' 

(6cS)g = ycosP' (3.50) 

where pI is the position <lllgl(' of nort.h point N~l Oll 82 for he1ioC'.01ltric aspect. 

The a::;tromct.ric posi t.ion of g(\olllct,ri(~ C(,llt.tC <"au be' obta.ined from po

sition of light. cent.re at Tl Fig. 3.12(1)) 

(6(\ cos 1i)9 = (60' cos 8)( - 8:r ('( cos P' 

(6b).q = (68){ + 6.1:" siuP' (3.51) 

3.8 Summary 

Theoretical cclips(~ and occult,at.ioll light, curves were> g~llcl'n.tcd using 

models describ('d ill t.he previous S('ct.iOllS. the pl'ofile of t.he observ(~d light 

curves 'were fitted with t,hos(' obt.nillr<\ nsing the:' model. The fit yields cor

rection to time in terms of t.he offset (0 - C) ill distauce along th(~ tra.ck, and 

the impact parameter y. From t.110 impact parameter the relative astrometric 

positions (L\a cos O'}g <111<1 (uo)g at t.ime T, were obtajncd. The results of the 

fit. of the light curve::; obscrvcd during 198{) alld 1991 from VBO are given ill 

the next chapter. 
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4 Results of Observations of Mutual Events froID VBO 

4.1 Extraction of Astrometric Parameters 

The light curves observed at VBO were corrected for sky background, 

atmospheric extinction and cont.ribut.ioll of occulting or edipsing sa.tellite in 

the diaphragm and were llOl'llla.li7.c<l af! explained in cha.pter 2. The normal

i7.('cllight. cmvc' at original t.illl(' l'<'solut.ioll \Va!,; mwcl for determining the time 

of light miuilll11111. Siuc(' t,ll!' cut.ir<' light. (·t1rYC is nt.i1ized for fitting it. wa.s 

preferred to hill t.IH' <In t a poiut.s oht.aiw'd at. high time resolutiolls to a. set 

of about 100 points spanning t.he tot.al dura.t.ion of the ma.in event. This 

improved the signlll to nois<.' ratio fllld (t.1so reduced computing t.ime. The 

reconstructed light. curve was fiU.eel wHh the t.hcorctica.l light curves gener

nt(,d llsiug t.he' modd dc'snil)('cl ill dmpt,c'l' 3. The s()nrec~ eodc for fit.ting the 

light <:nr\,(' ns('s fortrClll l'Out.iu('s from D<'viup;t,oll'R (19GO) 'CURFIT' program 

which employs IV!nrquHnlt.'R t.C'dllliqllC'. For t.h<.' good (l'UI.lit.y light. curves the 

solutions cOllverg('d within 3-4 it.el'n.t.iow-l. The fina.l solutions were found to 

be independent of the st.art.iug valu('~. 

The impact. pnnulld.('r y, t.he shift. of t.he Uwol'c.tica.l light cnrve 6.1.: were 

determined as free pal'nlllct.crA whell LOllllll(,l-Secliger's (l,nd Lambert's scnt

tering laws were uRed. For t.hc' mut.mll ('dips('s of 1985 series, comparison of 

solutions "Rillg t.hc'se S(,<I t.t.c'riup; Inwl'l awl 1\. uuiforlU dise solution indicn;ted 

best fit in terms of miuiml1111 \2 ,,,it.h llwdel m.;illg LOlll111cl-Seeligcr's In.w 

(Vasulldhara. 19(1). TIl(' fHt.c'd valHc'~ yawl 0:1' for the 1985 series nrC' giv~ll 

in Table 4.1. For t.}w 11ll1t.tml event-R of H<.'ri('R 1991, Miuunel't.'s law wa.s a.180 

used ill the model, t.he :MiulHwrt. 'H parnmct.er k( n') was derived dnring the 

fit. Most of the occult.atioll light. C\U'YCS involving 10 were fitted t.(l.killg into 

account the albedo differcIlc('s, hct.W(>~ll pole to equator Alld between the 

lea.ding and tra.iling helllisplwl'C's. The' brightness 1'8,tiOS given ill Table 3.1(a.) 

yielded best fit for thE' I i\ud R hauds of obscrvl\.tiollS. The \\ll.us\.\al shape of 

the light curve of the 203 ev<:'ut. is (\u(;' t.o t.he l.tllCOlnlll.on geometry shown 
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in Fig. 4.1(a). The positiOlls of Gauymede and Europa are shown a.t the 

instant of close approach. The relative path of Ganymede between 15hOOm 

to 22"001ll is shown alollg thc curved track. In addition t.o LOlUmel-Seeliger's 

law and LambC'rt.'8 law t.hiR li/?;ht. ("tll've wnoS also fit. t,ed by modelling the pola.r 

caps, t.he regioll(,s Nicholson WCRt. a.nd ea.st and t.he bright. ray crater n·os. 

The albedo ratios and boulldnri('s were a.daptcd from Squyres and Veverka. 

(1981) a.nd 11a11a111a (1!J!J1) for t.he phase angle of -JO.1 a.t the time of this 

event. The uccultation and ('ClipRe evcnt.s 011 fl1/01/29 which occurred close 

to t.he opposit.ion (n' = 00.2) follow('cl ill quick succession. Fig. 4.1(0) shows 

t.h(' gCOlllC't.ry of t.his ('V(,llt.. Fip.;. 4.2( d) show!'> t.he compoRite light curve. The 

blended light. ('mY(' WHS fit.t.('d wit.h t.h('ord.icHI composite light ClU'ves which 

were obtaiucd hy stUllmiup.; t.hc' light loss Oil 10, ill t.he sha.dow (eclipse) alld 

behind Europa (o(,("tllt.ntioll). U('giom; which were both occulted and eclipsed 

shown dotted ill Fig. 4.1(b) W('1'(, considered t.o be only occulted. The phase 

correction according t.o t.he d<'fiIlit.iollS hy Eq. (3.40) for occultations and 

Eq. (3.44) for C'dipscs "'('1'(' cnknlatC'<l for all t.he eveut.s COlTCf'lpouding t.o the 

fit.tC'd vahl('s of t.lw impact. parall1c~t.('r l1Hillg the different. la:ws of scatt.ering. 

The fitted value of 6;l~ ('orresponds to t.he dist,Clllte between t,hc prcdided nnd 

actual positiolls of t.he geomct.ric (,<'llt.l"(~S of t.he occulted or ~clipsecl satellite. 

The difference 

('l,oe _ ' .... 01: _ ('7"' _ T )TlO 
U. '1' - (/.,. J.[ 1) ~ 

= 8.r~; [plHls(~ ('()rrCct.iOll usillg Eq. (3.40)]. (4.1) 

similarly 

8;r~c = 6:1~e.c - (T( - TI')V 

= (h~c [phase c()1'l'edioIl llsing Eq. (3.44)] (4.2) 

T, is an observed qUClntit.y, Tp is predicted from theory, 63.:'s a.re derived. 

from the fit and 6xCl"s are obta.ined using Eqs. (3.40) or (3.44). Therefore 

comparison of 8:1'r's and 80 's provide addit.ional check on the validity of Eqs 

(3.40) and (3.44). The cakuln.t,('d valnes of 6;I~CI"S and 8x r 's given ill Tahle 

(4.2) for most of the event.s appea.r t.o he ill good agreement within the 

observational error. The fitted light curves are plotted in Figs. 4.2(a,-p). 
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Table 4.1 Eclipse event.s dUl"ing 1985 from VEO. 
Fitted paramet.ers using Lommel-Seeliger's law 

Date Event 62:0: Impact Parameters X2 

FiUed Predicted x 104 

(km) (km) (km) 
(1) (2) (3) (4) (5) (6) 

85/09/24 1E2 -78 328 448 1.667 

85/10/24 3El -86 IG83 1738 0.505 

85/10/12 lE2 -105 691 603 7.055 

85/11/15 3El -118 3~l6 369 8.688 
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EUROPA 

I I 

1000·km 

Fig. 4.1(a). Geometry during the o('cull.at.ioll of GanYlJlcde cCII(.red a(. S2l.>y Emop1l. 

cent.l'cd II\' 0 III. Ih(' illl';(.lIl1(. of clol';c IIp(>l'o;wh on 01/01/23. The pat.h 

of GallYlllcd<.' hd \\'(,{,Il 15" 00"1 liTe and 22" 00"1 liTe is along t.he 

ctln-ed (nIck. The' tkk I1llll'kf; illdind(' 1)()~itiol1 ofGllnYllIede nl int.el'n"s 

of 15m . 

GG 



201 AND 2E1 ON 91/01129 

N 

1000km 

Fig. 4.1(b). Geometry during t.he composit.e occult.a,t.ioll and cclipse evcnts of 10 by 

Europa on 91/01/29. The dott,cd area on 10 (centred at 82) is occulted 

by Europa (Ccnt.rec.J at 00) a,ud at. t.he same time eclipsed by the umbl:a 

(U"U tUu") and the pCllulllbt'a (P"P'PP") centered a,t OE. The 

arrows indicat.e direction of lIlotion of Europa, and the shadow cent.er 

relative to 10. 
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Tahl!' '1.2(a), Besllits of' 2EI ('\'('IIt. Oil gliO 1122, fit.t.r(\ parall\(~t,crs : 

Scnt.t'('l'inp; 1i,I'" 1i,1'" [ IIlpa(-/. k(n) .) 

,y-
In \\' PI1l'I\III('(.(,I,1 

( kIll) ( 1011) y(loll) X 10'\ 
(1) (:l) ( :1) (·1) (!j ) (0) 

1,011111 H'I-S(·(·I i )!;PI' 's l' IS +ITfI lUiS I 
law 

Lamhert.'s II 21 +5(i[) 5AClG 
Inw 

l\lilllliwrt.'s ~ 14 -(i 0.'161 O,59S 
Inw 

1. Pu'dided illlpart. pal'(lIIH'tN lI1liJlg E-:~ : +220 kill 

1.20 
2E1 On 91/01/22 

>- 1.00 -(I) 
c 
(I) 0.80 -c 

~ 0.60 
N 

0 E 0.40 
I... 
0 

Z 0.20 

0.00 
18.25 18.30 18.35 18.40 18.45 18.50 18.55 

UTe ( Hours) 

Fig. 4.2( a) Observed IIml fit.t.ed light. <:111'\'('5. TIr(' dot./.ed dllsir('t1 lille, sllol'1. dllslrrd 

line, cont.inuolls line COl"l'C'l:1polld t.o models using Lommel-St'cligcl"s III,W, 

Lambert's law, Minnnert's law. 

GS 



Tahlp 4.1(h). H('sult.s of :lOI ('\'('111. Oil ~l\/OI/22, fit.t.(~d para.JII(~t,t'l's: 

SC<I,.trrillg f,J:,. f,J'" Impart 
I) 

:c 
Inw Para IIIct.c:r 

(kill) (kill) y(km)l k(O') x 101 

( 1) ( 2) (:l) (4) (5) (G) 
LOllllllel-Sf'f'lig<'f's -17 -H -1411 1.41:11 

1",1\' 

Lamhf'rt. 's -2:3 -18 -14:10 5.!.l!i5 
law 

1\1 illllnrrt. 's -If> -13 -1·'105 .399 1.313 
I",,,, 

l\!illllnf'ft.'s Inw 
wi t.1t -IT -14 -1400 .'143 1.331 

ann'do vmiat.iolls2 

1. Pr('dirlpd illllHld. parallle'I!'!' using 1-:-:3 : -1:34H ktn 
2. T<lh)p 3.1(n) 

1.20 r---,.---..,...--.,.--.,.--.,.--,---.,.--,---y-----,---,---. 

>--(I) 1.00 
c:: 
Q) -c:: 

~ 0.80 
·N 

c 
E 
~ 0.60 
Z 

201 On 91/02/22 

0.40~~~~~~--~--~--~--~--~--~--~--~~ 

18.62 18.66 18.70 18.74 18.78 18.82 18.86 

UTe ( Hours) 

Fig. 4.2(b) Observed and fitted light curves. The dotted uashed line, shol,t dashed 

line, continuous line and long dash<:d line cOl'l'espond to models lIsing 

Lommel-Seeliger's la.w, Lamhcl't.'S lAW, Minna.e!'t's )a.w and model given 

in Table 3.1(a). 
Gn 



Tahle 4.2(c). Hesult.:; of :20:l ('vcnt. Oil 91/01/23, flt.t,cd pa.rameters : 

Scat.t.erillg OJ: r Impa.ct ;X2 

law Paramct,cr 
( kill) y(klll)l 

( I) (2) (3) (4) 
LOIllIllf'I-Sl'elig('r 's :~:W +1111 1.314 

law 

Lmllh('rt. 's 12:) + 1202 8.659 
law 

LOIllIllI'I-Se<'lig(>I' ':; 
law wit.h :J:l!-J +1047 4.278 

alhedo variat.iom;:! 

I. Predict.ed illlpad pnralllet.N using E-a : +836 km 
2. Tahl<' a.l(lI) 

1.20 

203 On 91/01/23 
>-..-
(I) 1.00 
c 
Q) ..-
C 

~ 0.80 
N 

0 

E " i " 
" 

~ 0.60 " -"' "",, 
Z 

". . .( 

0.40~--~--~----~--~--~----~--~--~--~--~ 
15.00 16.00 17.00 18.00 19.00 20.00 

UTe ( Hours) 

Fig. 4.2( c) Observed and fitted light cUI'ves. The dotted dashed line, ShOl't <lMhed 

line and cont.inuous line correspond to models using I,ommcl-Secliger's 

law, Lambert.'s law, and model given in Fig. 3.1(b). 
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1~"\hle 1.2(<1) Hrl>lI\t.s of ~Ol 1Ind 2I;;1 hlended event,s 011 91/01/29, 
filtl'd pmalllrt.rrs 

Scat.trring hllpnc!. Parnllw\.(,I'J 'J X· 
law y(klll) k((~ ) xlO4 

201 2EI 
LOIllmel-Sediger's Inw -6G2 +111 2,979 

Lambert. 's law - tHH +540 1.508 

Miunaert.'s law -fi!iG +121 0.597 3.361 

l\IillJHll'rt,'s law 
with -G61 149 0.513 3.041 
albedo variat.ions2 

1. PfI'did.pd ill I [JIH't. (HlrallIPIN tiRing E-:J : O('cul\.t,ioll:-I)74 kill 
Eclipse:+290 kill 

1.20,...----.----,.---.,.----r----r---,..-----,----, 

~ 1.00 

Vl 
c: 
Q) 0.80 -c: 

~ 0.60 
N 

c E o.~o 
'o 
z 0.20 

201 and 2E1 On 91/01/29 

O.OO~--~----~--~--~-~~--~----~--~ 

20.80 20.90. 21.00 21.10 21.20 

UTe ( Hours ) 
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Tab 1(' '1. 1( ('). H!'std1.s of 10 I (,Wilt. Oil U I /O~/O!), littcd parameters: 

Scat.t.(>rillg liJ'~ 1>.1' " Illlpact k(o-) 
I) ,. :c 

law pm Clln<'i.cr 1 

( kill) (kill ) y(klll) X 10'1 
( \) (:.1) ( :l) ( "1) (5) (0) 

LOlli 111(' I-S(,f'lig,'r's l(j -:W2 71.1 
law 

Lallllwrt.'s 17 -!)()7 8:3.l 
la\\' 

l\liIlIlHnt.'s II +68 ,357 72.7 
law 

I. Prl'dickd ill1pact Pltrllllld.<'f IIsill~ E-:\ : -!)!is kill. 
2. 1II1r!'liHhh> dll(, t.o noisy dal.lI. 

1.20 

201 On 91/02/05 " . 
". 0 

0 

". " >-. 1.00 00 J' 0 
.. - " ... ..... . -. ." . 

en . .,-. ... '10 " 
0 
. . 

C • 0 

Q) 0.80 -c 

-g 0.60 
N 

0 E 0..40 
L-
0 

Z 0.20 

0.00 
23.00 23.10 23.20 23.30 23.40 

UTe ( Hours ) 



Tabl(' '1.2(f). Hpsl!lt.;; of 201 e\·('II1. 011 91/()2/16, fit.t.cd paralllct.ers : 

Scatt.crillg fI.1',. fI.t:" I lllpad, 
.) 

Y" 
law ))a.ralllt't.er l 

(kill) (kill) y(klll) ~:( (y) X 104 

(I) (2) ( :\) (,1 ) (5) (G) 
LOllltl\d-~('(' lippr 's ,1:~ :).1 -,I 2.:381 

la \\' 

Lalll\wrt 's :V) (;:\ +11:\:\ jj .:W 1 
law 

l\iillllaPrt's :n :\!) -l:~ 0.6821 1.'154 
la\\' 

I\lillll;wrt.'s law 
wit h :l2 :~!i + 1 O!j (J.!iOG1 O.8!i:30 

all)('do V<lI"iat iOlls:! 

1. Pr<'dirtpd illlpact p;ll'all)('t('1" lI~illg E-:\ : +Ilt;klll 
2. Tilhk :U(a) 

1.20 

201 On 91/02/16 

>. 1.00 ... .. 
04-

V) 

C 
Q.) 0.80 

04-

c 

-g 0.60 ~ 

N 

0 E 0040 
t..... 
0 

Z 0.20 

0.00 
14.35 14.40 14.45 14.50 14.55 14.60 

UTe ( Hours) 
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Tahh· '\.:l(g,). B":->Iilis or :lEI (,Wilt Oil 1)1/01/10, Iit.t.(·d panll11Pl.ers: 

Scat !Prill).!; (l.1' ,. h.l'" Illlpnd. ~:( (I) 
i) 

.\-
I a I\' 1>11 I'alI)('t,1.'1' 

( kill) ( kill) y( kill) 1 X 10.1 

( I ) (1) (:q (1) (5) (6) 
LOIllIlH:,I-Spd ig<' r '1) -80 - (Ii ~() O.i!)G 

In\\' 

Lalllhl'rt. '1) -8i) -():l 488 :l.931 
I ilI\' 

1\1 illllaNt.'1) -ttl _II!) ~O .1)54 0.182 
law 

1. Prf'did.('d impart. paralll(·t.(·r using E-:I : +209 kill. 

1.20 
2E1 On 91/02/16 

>- 1.00 -(f) 
c 
Cl> 0.80 -c 

~ 0.60 
N 

0 E 0.40 
I.-
0 

Z 0.20 

0.00 
15.20 15.25 15.30 15.35 15.40 

UTe ( Hours ) 

74 



Tahle 11.2(h). Hf'slilt,s of :201 (>\"('nl. Oil nl/02/2:J, Ht.l.ed parameters: 

S("at.U'ring ~.I:,. ~;!:" Jlllpad. 
.) 

X~ 

law Paralllder 
(k Ill) (kill) y(km)l k(C\') x 104 

(1) (2) (:I) (II) (5) (6) 
LOllllllcl-SeeligN's fil !i!.! +505 0.586 

law 

Lambert.'s oG 81 +722 3.6:.12 
law 

J\Iillllaert's G2 !.i9 +51!.i 0.516 0.584 
law 

~tiIlJH\('rt.'s law 
with (H (n +51\7 O.5G~ ().700 

albedo variations2 

1. PrrdiclPtJ imp01rt. p<1I"01ll1('\.('}" llsillg 1';-:3 : +5()O kill 
2. Table :3.1(<1) 

1.20 r----.-----.---r----r--..---r----..--r---r---, 

..c 1.00 
If) 

t: 
Q) -c 0.80 

-0 
Q) 

N 
== 0.60 
o 
E 
L 
o 

Z 0.40 

201 On 91/02/23 

.. 

0.20L---~--~--~ ____ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ 
16.50 16.55 16.60 16.65 16.70 16.75 

UTe ( Hours) 

Fig. 4.2(h) Observed and fit,t.ed light. cun-cs. The dott.ed da.<;hed 1i~le, 8hOl·t dnshed 

line, cont.inuous lillt:' alld long dashed line cOn'espond t.o models t1Sillg 

It> 



Tahk .I.~(i). Iksllltl' of 1Ei (,\"«'lIt. 011 !JI/01/2:3, fit.t.ed parnllwt.ers: 

Srat.l.PI"ing /l.I",. ('.1"" IlIlpad k(c.y) \,J 

law pm 1lI11('t.('r 

(kill ) (kill) y(klll)l X 104 

( 1 ) (:2) (:3 ) (4) (I») (6) 
Lon 1Il1cl-S('(') iger 's -(1) -G:3 ",0 1.839 

law 

Lamhert. 's -139 . -81 +134 3.698 
law 

1\1 illlllwrt. 's -()1 -(m "'() 0.589 O.i42 
la I\' 

1. Pr('dirtl'd illlpact 1>;11'<11111'1.('1" IIl'illP; 1':-:\ : +1)00 kill 

1.20 

2E1 On 91/02/23 
>- 1.00 -en 
c: 
OJ 0.80 -c: 

~ 0.60 
N 

0 E 0.40 
L-
a 
z 0.20 

0.00 
17.60 17.65 17.70 17.75 17.80 

UTe ( Hours ) 

TG 



Tahl" ·\'i(j). H"sldt:-; or:lO I "V"II\. Oil ~ll/():l/lln. fH.t.('d P'll'(IIIlC\.cI'S : 

-- S;:ajt;:rillg b.I',. 0.1'" li 11 pact. k( (I) IJ 
\'-

In IV pnraillct.el' 
(I; Ill) (kill ) y(I\lII)l X 104 

(I) ( :l) (:1 ) (,1 ) (5) (0) 
1,0111111(' I-Sl'd rg<'l' 's !)!) 81 iG/12 :3.583 

law 

Lallllwrt.'s IO!J 101 1533 4.g29 
law 

l\linn:\('rt's 100 8:3 15tJ.O ,565 3.546 
law 

l\1itlll;wrf"s law 

with lOG 8G 1G:25 .Oli 3.5H 
alhpdo \'nriat.iolls~ 

1. Pn'didc;d illipad Pill'illllC'tn \I::;ill~ 1';-:\ : lG2!) kill 
:2. Tnhle :\.1 (a) 

1.20 

1.09 
201 On 91/03/09 

>-
0f-

f/) .. " . 
c 0.97 . ~ . 
Q) "--t: 
- 0.86 
"'0 " .. 
Q) 

~ 

.~ 0.74- . . 
0 

E 
I.... 0.63 
0 

Z 
0.51 

0.40 
20.90 20.92 20.94- 20.96 20.98 21.00 21.02 21.04-

UTe ( Hours ) 

Fig. 4.2(j) Observed and HUed light curves. The dotted dashed line, short dashed 

line l continuous line and long dashed line correspond to models using 

Lommel-Seeliger's law, I/ambert's law, Minnael't's law and model given 

in Table 3.1(a), 
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>-
+-

VI 
c 
Q) 

+-
C 

T"lll,' 'U(k). Iksilits or, 'IE:.! ('Wilt, 011 Dl/o:l/18, fiU,('d p<1l'llllletcrs : 

Sod t ('rill~ b.I',. b.r n IlIlpa ct. k(n) \,2 

I ;\W 1l<1I'1I11H'I.N 
(kill) (kill) y( kill) I X 10.1 

( I ) ('2) ( :l) (II) (!) ) (G) 

1,01111 I1rl-Sc('1 igl'T's -Hll -12!j :W27 l.llG 
law 

La mbl'Tt.'s -1131 -1:':) :100(3 1.003 
law 

1\1 illil 1wr I.':; -I fin -liii :lOO:\ J .I 05 1.010 
111 \\' 

I. I'n'dided iJllpart. Pill';IIJ11'tN Hsillg 1::-:.\ : :1O!)1 kill 

1,10....---..-----,..-----.-----.--.,-----r-----.--.,-----.----. 

1.00 

4E2 On 91/03/18 

". 
"'" . .... ~. 

... .- .. .. . ... 

~ 0.90 
N 

o 
E" 
~ 0.80 
Z 

O.70~--~--~--~----~--~--~--~--~~--~~ 
19.82 19.78 19.62 19.66 19.70 19.74 

UTe ( Hours) 

Fig, 4.2(k) Ob!:'€rYed and fitt.ed light C\II'\'CS. The (loul:'<\ da~hcd line. shol'l. dashed 

line, cont.inuous lin<" <:orr('~p()J1(1 \.0 Illodcls using Lot1l1nel-Scclig<,r's law, 

Lambert's law, ~lilll\n('I't.'::; Inw, 

is 



Ta!>\I' ·t.:.!(I). j{pf;IlIl.f.: or 2E I ('\"('lIt. OIl !ll/O;I/:.!(), fi(,j.pd IHlrn11lc(.f!rll : 

S('at.tl'l'ill,!!; ~.!',. ~.I'(\ IllIpact. k(n) .) 
y-

la\\' pH I'n I IId!'I' 

( kIll) (kill) y( klll)1 X 10.1 

(1) (:2) (:1) (·1) (1») ((i) 
LOIlIlIlf'I-S!'f'iip;n "s -1:21 -112 -li·l,1 1.11:\ 

I a\\' 

Lalll!>!'rt. 'f; -11K -H:.! - iGO :\.j78 
law 

l\lilllHH'rl's -8G -!)(i -:\:11 O,:~10 OJ}2i 
hw 

I. Prf'dictl'd illlpa(,j parallwf.l>l' lIfolillg 1':-:\ = -()~I kIll, 

1.20..----,-----r---,.-----.----,...--.,----r----.----.---. 

:c 1.00 
III 
c: 
Q) -.E 0.80 

"0 
Q) 

N 
== 0.60 
o 
E 
l.-
e 
z 0.40 

2E1 On 91/03/20 

0.20~--~--~--~----~--~-~--~----~--~~ 
13.80 13.84 13.88 13.92 13.96 14.00 

UTe ( Hours) 

Fig. 4.2(1) Observed and fit.t.~d light. ('lll'VCS, ThE.' <lot.l.eel da.oshed line, sh(.)r~ dMhed 

line, cont,illllotlS line cOl'respond to models Hsing LOlllmel·Seeligel'·s la-w, 

LlIlllhcl'!.'s law, l\Iillnaet'l.'s law, 

'in 



Tabl(' 4.2(111). H('s III!.s of 201 ('\"('111. on U 1/0:1/'27, fit.\.f'd PIl.I·il.lllP!.rrs : 

S("allNing h.I',. ~J'" IlllPIlet. 4'(0 ) 

law parallll't.('r 
(kill) (kill) y(IOII)1 

(I) (2) ( :1) (·1 ) (5) 
LOIllIlld-St'Pligt'r's +:\\l +il +2(j()!.l 

>- 1.10 -en 
c 
Q.) 1.00 -c 

-g 0.90 
N 

o E 0.80 
I.... 
o 

Z 0.70 

I. 

law 

La Illber t. 's +(j!i +!i,t + '2 ,Ii (i 

law 

l\lilllliwrt.'s +:l!i +il +2(;;0 0.327 

law 

Pr('dirt I'd impacl. IHlJ"l1llll't.('r IIsing I':-:! - +2:'2:1 klll. 

201 On 91/03/27 

Ij ,,-
X 10.1 

(0) 
O.U()) 

1.0!):\ 

(). !J():\ 

. . 

O.60~~--~--~--~--~--~--~--~--~--~----~ 
14.38 14.40 14.42 14.44 14.46 14.48 14.50 

UTe ( Hours) 

Fig. 4.2(m) Observed amI fitt.cd light. CIII'\'('S, The dot.t.cd dflShC'd linE', short dMhcd 

lillc, cont.illll()\ls linC' ('()I'l'('Spoll<i \.0 lIIodeis tiRing ['()lllllld~S('digN'R III.W, 

Lambel't's law, i\lilllll\('I·(.'s law. 

so 



>--

Tahle 1.2(n). H('stJlts of :lEI ('\'('111. on H1/0'J/27, fit.t.ed pn.fal1lf't,el's : 

Srat fe·ring fl.I',. f,J'" ItI\pad, ~:( n) \2 
Ill\\, 

( I ) 
LOlllllle I-S('('I ig('r 's 

law 

Lamhert. 's 
law 

(kill) (kill) 
(2) (:n 

-1:1-1 120 

pal'nllw\.l'r 
y(klll)! X 10" 

(II) (5) (6) 
-\)2-1 0.571 

-1027 2.192 

f\lilllHH'rt.'s -I:l!i 122 -!J:l-1 O.M1 O.5()1 
In", 

1. Predirt,f'd impact. paralllrt.('f \Ising E-:\ = -986 km. 

1.20~----~----~-----r----~----~~----r-----~----' 

2E1 On 91/03/27 

en 1.00 . . .. e.. . . 
c: 
Cl) -c: 

~ 0.80 
N 

o 
E 
.~ O.SO 
Z 

O.~~.L lS---'----1S-l.2-0--"---1-6...L.2-4--'--1-S..L..2-8---"--16...J.32 

UTe ( Hours ) 

Fig. 4.2(n) Obs(>l'ved amI fil.tC'd light. cm'ves. The dotted dashed litle, short dashed 
~ 

line, cont.iIllIOIlf> lille COI'l'(,l'IpoII(1 t.o models \lsillg Lommel.Sceliger's law, 

IJambel't's law, l\lillnael'l.'s III.\\,. 
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Tahll' ,1.:l(o). Iksults of :lEI ('\'('lIt 011 !Jl/(H/O:l, fit.I.('(1 parnllld,l'I'S : 

SI"1\ It ('r i II)!; (\.1',. "J'" It IIpad. ~,( (\ ) 
la\\' 1111 1"1I1III't,('r 

(k III) (1\111 ) y(klll)1 
(I) (:I) (:I) (,1) (5) 

LC1III"H'I:Sf'f'li~l'r 's -lSI -I HJ -1,118 
I a\\' 

Lillllhf'rt 's - HiT -I GO -1'J.lO 
\:m 

~lil1lHH'rt's -1·11 -10~ -H:I!) O.:J2!) 
In'" 

I. I'n'dirt I'd impact pal"lIll1f'tf'l' usillg I';-:l = -1:\24 kill, 

2E1 On 91/04/03 
>-

-+-

t') 1.00 
c: 
Q) -c: 

~ 0.80 
t'I 

o 
E .... 
0 0.60 

Z 

...... 
• 0 

.) ,,-
X 10'1 

(6) 
6.750 

1).:I(H 

6.1\88 

.' . 

0.40~~--~~--~--~~--~~--~--~~--~~~ 

18.46 18.48 18.50 18.52 18.54 18.56 18.58 18.60 

UTe ( Hours) 

Fig: . 4.2( 0) Obsen'cd and filled light curn's, The doUce! unshed Iille, l!1hod uash<.>d 

Iinc, cOlll.iJll1()IIS lillc cOIT(,l'lpoml \.0 lIlodels lIsing LOllllllel-Scdigcl"s law. 

Lalllbel't.'s law, ~Iilllll\(>rt.'s Inw. 
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Tablp .1.'2(1'). Ill'stlli s of 11-:1 ('\"Pili. Oil HI/Ofl/I;, fit.(.cd Jla.rallln(.(~rs : 

S("at t prill,!!; /l.I·,. (~.l· " IJllpnd. A:( 0') 
Inw IH\I'HIII<'I.f'\' 

(kill ) (kill) y(klJl) 1 

( 1 ) ('2) ( :1) (-1 ) (5) 
LOll III W 1- Sf'pl il!;(' r's - WI -11); - 7l.Hi 

law 

Lil J Illwl'l.·s -1.1l::! -181 -!)O!) 

law 

I\lilllllwrl'r; -W7 -!(H -tt.W 0.620 
Iii\\' 

I. PI'<'<iid('d illlpact 11;\ I'l\ 1Il<'i ('J' IIRi IIg E-:\ = -811 kill. 
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Fig. 4.2(p) Observed ami fit,(.ed light clIl'ves. The dot.ted dashed liue, short da.'Shed 

line, contilluous linc cont"sp<lIIu t.o models using LOlllmel~Seeligt'I"s law, 

Lambert's law, r"lillnaet'\. '5 law. 
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Table ,l,:l(a) Obl'cl"n'd illld predir.t.cd mid t.imt's for t.he 1985 series 

Ut Date Observed t,illies Pl'edict.ed I\Hd Tillles 
Event 1/ T !I l' r 

G-5 A-E B-3 
Air mass hh:mm:ss hh:llIl11:ss h h : III 111 :ss II h :Illm :ss h h:llll11:SS 

85/09/24 19:20:37,6 19:20AI{.2 19:20::l9 19:20:00 19:20:32 
lE2 ±2.0s ±2.0s 

85/10/12 13:33:20.2 I :l::l:J:2!i,7 1:3::3:3: 17 13:32:42 13:3:3:11 
lE2 ±!i.Os ±!).()," 

85/10/17 13:23:25.1 I :3::l:3:2H,7 1:~:2:3::J8 13:2:l:21 13:23:36 
3El ±2.0s ±2.0s 

85/10/24 16:17:14.0 16:17:18.9 IG:17:26 16:17:21 16:17:30 
3El ±2.0s ±2.0r-: 

85/11/15 14::32:48.2 H::IO:!)!i.!i H::l'\:O 1 JtI ::l2::13 111:33:21 
3El ±2!i.Os ±;!!i.Os 
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TallIe 4.3(1)) Ob~erved nnd prcdid.cd mid times for the 1991 series 

Ut Date Observed t.imes Prcdicted Mid Tillles 
Jp 

7, 1, G-5 A-F E-3 
Evcnt hh:IlIIl1:RS.S I1h:IIII11:S5.S hh :1II1ll:SS hh:ll1lll:ss hh:l1lll1:ss 

91/01/'22 18:2:J:12.7 18:2:3:l4.:J 18:22:39 18:22:03 18:22:35.8 
'lEI ±O.5s 

91/01/22 18:13:52.5 18:13:53.9 18:4:3:20 18:12:42 18:43:16.2 
201 ±O.5s 

91/01/23 1 ():tI2:1!J.I J 16::HI:29 }(3:47:24 18:42:14.6 
203 

91/01/29 21:U():32.0 J 21:00:03 20:59:30 20:59:59.4 
201 

91/01/29 21:0:~:2a.6J 21:02:!)2 21:02:21 21:02:48.5 
2El ±1.Os 

91/02/05 23:13:315.0 23: 13:3,1.1 23:13:06 23:12:36 23:13:01.6 
201 ±IO.IJR 

91/02/16 H:2!HIJJ H::,w::m.2 11:2!.I:18 11:28:45 J.1:29:H.8 
201 ±().!)~ 

91/112/16 1!):18:31.7 l!i: 1 $::\l).O 1!):18:0!) 15: 17:15 15:18:12.3 
2EI ±O.5!1 

91/02/23 16:39:16.1 I G::l!): II.a 16::18:53 16:38:21 16:38:49.0 
201 ±O.5s 

91/02/23 17:42:58.5 li:43:02.7 17:42:4.13 17:42:12 17:42:41.5 
2EI ±0.5s 

91/03/09 20:58:40.5 20:58:3:3.9 20:58:18 20:30:45 20:58:13.8 
'lEI ±1.5s 

91/03/18 19:43:25.1 19:43:33.3 19:43:28 19:42:33 19:43:19.6 
4E2 ±2.0s 

gl/03/20 13:55:45.3 13:1)5:51.3 13:55:39 13:55:12 13:55:35.2 
2EI ±0.5s 

91/03/27 14:26:37.3 14:26:33.7 14:26:20 14:25:51 14:26:16.8 
201 ±0.5s 

91/03/27 16:14:11.7 16:14:1i.5 16:Jt1:0G 16:13:42 16:14:02.8 
2El ±0.5s 

91/04/03 18:31:49.0 18:31:53.7 18:31:49 18:31:18 18:31 :45.4 
2EI ±2.0s 

91/05/17 14:49:41.7 14:49:48.4 14:49:55 14:49:33 14:49:53.1 
lE2 ±1.5s 

1. These mid times were derived directly from fit. 
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Tahle ·1."1 J>ha~w ('orl'(,C"t.iolls and (O-C)l along the track 

I>al<' Phase Phas(' (·orr<,ct.ioJl ( 0-(:)0-1) (O-C)l~-3 Orbital longit.udes 
f' \'(' II t. (\ ~J' " f,'l ~, TilllI' dist.an('e Time distance 01 O2 

( (kg) ( klll) (se(') S('(' ) (kIll ) (sec) (km) 
(1) (2) P) (·1 ) (5) (6) (7) (8) . (!J) ( 10) 

Hl/OI/22 H.8 -1.7 :\2.1 -288 :H.!J -:ll !l 
281 -1.:1 20.8 -2.:~ :WA -:326 :31).2 -:351 218 265 

1·1.1 -1.6 :31).7 -:120 :IS.5 -345 

91/01/22 -1-1.1 1.5 :HA -:~24 37.S -356 
201 -1.:\ -18.0 U) :11.8 -!l28 3S.2 -360 219 266 

-12.8 1.'1 :1-1.:3 -:12:\ :n.7 -355 
-1-1.0 I.!) :\·1.,1 -:121 :17.8 -356 

91/01/29 +0.2 ::::::: 0.0 :::::::0.00 :31.6 -312 :35.1 -380 219 271 
201 

91/01/29 +0.2 ::::::: ().O :::::::0.00 29.0 -aiG :12.6 -355 21£) 271 
2El 

£11/02/05 1(1.2 -1.:3 28.1 -:3'10 :12.1 -:\88 
+l.i 27.1 -2.2 27:2 -:l:.W :11.7 -377 2ID 27!) 

201 11.1 - (U) 28.1) -:\,\1) :1:2.!) -:l!l:l 

91/02/W +:u) :\·1.'1 -2.1) 21.13 -211$ 2,1.(; -311 
201 G2.!) -4.5 l!).!i -270 22.7 -311 218 281 

:W.2 -2.8 21.!i -2!H 2·1.1 -:338 
:31).:3 -2.5 21.:\ -2!H.i 2t1.5 -:310 

91/02/16 -'17.1 :3.2 :10.:\ -tl-1!J 2:'..6 -:1!l5 
2El +:3.!J -G:I.O 4.:3 :1I.·1 -till!) 2:\.7 -:351 218 28·1 

--t!J.2 :l.:l :10. 11 -'I!)O 21.7 -:laG 

91/02/23 59.0 -:l.~) 18.8 -:'.81 22.4 -3aG 
+5.2 81.7 -5.5 17.2 -257 20.8 -310 217 284 

201 59.8 -4.0 18.7 -279 22.3 -333 
G3.12 -4.2 18.5 -276 22.7 -3:39 

91/02/23 -62.5 3.9 17.8 -288 20.9 -:\38 
+5.2 -84.5 5.2 HU -:\OH 22.2 -35U 217 288 

2E1 -68.6 4.2 18.1 -21n 21.2 -312 

91/03/09 82.0 -4.8 J().!) -:'.~1 20.2 -:H'1 
+7.5 101.3 -6.0 15. :\ -2(SI l!.).O -:l2:~ 2W 290 

201 83.0 -4.9 lGA -27V 20.1 -:.l12 
85.2 -5.0 16.3 -277 20.0 -341 

91/03/18 -125.0 6.5 4.0 -77 12.0 -231 
4E2 +8.7 -152.6 8.0 !U -106 13.5 -260 168 37 

-156.6 8.2 5.:i -110 1:3.7 ..,..264 
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,[,,,hie '1.t1 continued 
Date Phasl~ Pha,;(' corrl'r(.ioll (O-C)C:-5 (0-C)E-3 Orbital longit.udes 
e \"(:ll t. n r\J'" 6~1;1 TillJP diil(.illICl' Tillie dist.allce 01 O2 

(dcg) (kIll) (sec) sec) (kill ) (sec) (1(1 II) 
( 1) (2) (3) (-1) (G) (G) (7) (8) (9) (10) 

91/0.3/20 -112.lG G.O 12.7 -256 \(U -~12G 
2El +8.\) -1'11.9(\ 8.8 IG.r) -:\1:\ 18.D -382 21:3 300 

-95.7 1.2 l(U) -220 1~,3 -28D 

91/03/27 71.'! 3 -- .1 14.0 -273 IG.8 -327 
201 +!).G n:l.~) -1.8 12.9 -:lr)1 15.7 -30G 214 298 

70.8 -:l.G 1·1.] -:l75 W,\) -32D 

91/(n/27 -JI!J.!)G !i.G 11.7 -218 11.5 -:306 
2EI +9.6 -1'ltl.2 7.0 1:1.1 -:H8 JG.\) -:33G 212 :101 

-122.1 5.8 1\.7 -252 14.7 -;~11 

91/0-1/03 -Il!.l.:l !j .,1 !i.:l -IIG 8.8 -Wi) 
2EI +10.2 -1:)(J.U G.8 G.O -1/16 10,2 -226 210 307 

-1()8. 1\ 'I.n ,1. 7 -101 8.:\ -18,\ 

rlI/05/!7 -1!iO.7 G.,j -().Ii +15!l -G +12:\ 
IE2 +10.:\ -181..t 7.,1 -I).!i +1:\5 -'I +!lH 2:W :\:15 

-IG:3.!i G.7 -G.2 +lG2 -/1.7 +111) 
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4.2 Discussions 

A ("0111 parisoll of t.ll<' fit.t.cd light. curves in Fig. 4.2( a-p) indicates that 

Lambert's law solut.ioll (short. doUcd linc) fails to give good fit, a.t the cen

tre and at t.he wings. Fit.s using :Minuaert.'s law (solid line) and Lommel-

8eeliger's law (dotted dashed line) a.re compara.ble. The long dashed line 

in Figs. 4.3 (b, f, h, and j) corrcsponds to the model including the albedo 

variations givcn in Table 3.1(a). This curve is not clearly discernible from 

the solid CUlTC of :tvIiUllae'rt, 's law solut.ion. The mean value of the Minnaert's 

paramet.er derived froUl the' good <llmlit.y light curve in the I band is 0.559 ± 
.011. Due t,o limi t,ed dat.n. i t.H dcp('ll<lcll("c OIl phase could not be evaluated. 

The phase COlT('diOllS ~;l'o for all t.he events using Eq. (3.40) or Eq. 

(3.44) in distallc(> and in t.ime are givcll in Table 4.4. The (0 - C) compared 

with predictions using G-u a11<l E-3 ill t.ime nnel distance, along the tl'a.ck 

are also giwll in t.his t.ahle. Th(~ first., s('coud and t.hird rows correspond to 

phase COIT<,ct.iolls d<'rin'cl uHing LOll1111<'i-S('c'liger's law, Lf\.lubert's law and 

:MiuuaC'rt.'s Inw. TIl<' foltrt h row if <'xiHt.s ('()1'l'<'Rpon<iR t,o tho model using 

albedo variat.ioll gi,·c'll ill Tahlc~ 3.1(a). 1:0"01' t,lle 203 eveut on 91/01/23, due 

to complex gcomd.ry b:rn was not, dcriv('(l. For t.he 201 and 2E1 events 011 

91/01/29 the phase eOl'l'('ct.ions are Ycry nearly zero (0: = 0° .2), the reported 

(0 - C) values, COITE'RpOnd to t.he Minnaert's la:w solution. The last two 

columns give the orbita.llollgit.udc of Ute satellites 81 and S2. All the events 

iuvolving 10 and Europa have fill a.verage residua.! of -341 kIll, -345 klll 

and -338 kIll correspollding t.o fits llsing LOlll111el~Seeliger's law, Lambert's 

law and Minn(lcrt' s In.w. The differences in t.he longitude residual using 

different scattering laws is less t.han the ohscl'va,tional scatter of '" ± 25 km. 

The fitted impact paramct.<:'l's are however (I.ffected to a larger extent 011 the 

nature of light distribution. The values of or's calculated usiug Eq. (4.1) for 

occultations and Eq. (4.2) for eclipses arc close to the corresponding values 

of oo:'s calcula.ted using (3.40) 01' (3.44). 
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5 Fit to the Theory 

5.1 Introduction 

Sampson's theory (Sampson, H)21) of the motion of the Galilean satel

lites is the basis for computing their positions even today. Lieske (1974, 

1977) revitalized Sampson's theory to enable one.to use present day comput

ers to perform the millions of algebraic computations. The salient features 

of Sampson's theory and the improvemellts by Lieske have been described in 

chapter 1. Lieske's technique affords future revisions' of the constants of the 

motion without having to recompute the entire process, when more observa

tions are available. This has been possible by use of the partial derivatives of 

the observable quantities with respect to the constants. The partial deriva

tives help to determine the correc:tions to the constants which when added 

to the consta.nts would hest fit the observat.ions. 

5.2 The Present day Ephemerides 

The excellent and extensive series of ohservations of the eclipses by 

Jupiter were ma.de by E.C.Pickering, A.Searle and O.C.'iValldell during the 

years 1878-1903 at Harvard. This data was the basis on which Sampson 

(1921) constructed his theory. Lieske reconstructed the Har,:arcl data from 

the residuals published by Pickering (1907) relative to the American 

Ephemeris. The E-l ephemeris was developed by Lieske (1978) llsing this 

data and additionalphotometric eclipse obscrvations of half brightncss made 

since then. Lieske further refined the theory by a.dding 1059 visual eclipses 

from 1903 to 1972, 74 mutua.l occulta.t.ions a.nd 96 mutual eclipses from 

1973, and 2964 photographic observa.tions from UJ67 to 1978. The result

ing E2 ephemerides (Lieske, 1980) were employed for the Voyager encounter, 

and were in error by less tha.n 200 k111 at. the.- time of close approach. The 

ephemeris E2x3 (Lieske, 1987) is hased on t.he same 2904 photographic ex-

89 



posures as in E-2, plus 112 mutual event pa.irs from 1973 and 1979, 183 pairs 

of data from Voyager optic.al navigatioll ima.ges and 15711 classical eclipses 

of the sa.tellites by Jupiter from 1652 to 1983. 

Observer 

Renz 
Renz 
Renz 

Balanovsky 
Chevalier 
De Sitter 

De Sitter 
Petrescu 
Petrescu 

Van Biesbroek 
Gorel 
Soulie 
Gorel 
Debehogne 

" 

Ianna et al 
Pascu 

" 
Pascu* 

) used photographic ohservations made from 1891 to 1978 

observations) to obtain t.he set of constants labled (G-5). 

Table 5.1 Details of photographic data 

Observatory Year No. of positions Residual (arcsec) 
.11 .J2 .13 J4 G-5 1-32 

Helsingfors 1891 
Helsingfors 1892-1897 171 175 184 174 0.126 0.111 
Pulkovo 1895-1898 

Pulkovo 1904-1910 
Zo-Se 1917/1918 132 132 133 121 0.143 0.151 
Greenwich 1918/1919 

The Cape 1924 
Bucarest 19:31 8!i 104 lOG 118 0.221 0.223 
Paris 19:W 

Yerkes 1 !)() 1-1 !)(ia 

Nicolaiev 1 !.J()2- U:l()6 
Bordeaux 19(:iG-197'1 
Nicolaiev 197:3-1974 <!84 28<! :H8 307 0.395 0.390 
Rio de .J aneiro 1977/1978 
Uccle 1977/1978 
La. Silla. 1977/1978 

Me Cormick 1977/1978 
Me Cormick' 1967/1968 8:~6 875 883 910 0.081 0.086 
USNO(Wash.) 1973-1978 

198()-1990 

* Private communication 

90 



5.3 The Observational Material for the Present Study 

5.3.1 The Photographic Data 

Most of the photographic data that were used by Arlot (1982) have 

been utilised in this study. Additional unpublished excellent photogTaphic 

material covering the period 1986 to 1990 made by D.Pascu (private commu

nication) were used in the study. This work was carried out at the Bureau 

des Longitudes, Paris. Table 5.1 gives the details of the photographic obser

vations. 

5.3.2 The Mutual Occultation Data 

Two sets of mutual occultation da.t.a W(-'1'(" used. Several events a.re C0111-

mon to the two sets. The data sC't (1) contains a.strmnetric positions derived 

by Descamps et a.1. (lD02), Desca.ll1pR (1092a.) using Hapke's law in his model. 

The statistics ofthe events for the four nmt.nal event seasons 1973, 1979, 1985 

and 1991 are given in Table 5.2(a). 

Table 5.2(a) Dt't,ails of mutual occult.ation data set (1). 

Year Total No. of posit,ions Residuals (arcsec) 
events 

Jl .J2 J3 J4 05 132 
1973 21 20 21 1 0 0.022 0.019 

1979 3 3 2 0 0.006 0.008 

1985 23 11 14 15 6 0.019 0.020 

1990-9.1 34 29 34 5 0 0.037 0.029 

1. Source : DE-scamps (199211.) 

The data set (2) contains astrometric positions derived by fitting light 

curves of 1985 (Arlot et al., 1992) and 1901 (data from VBO and from Arlot 

et al., 1993) using the model described in Chapter 3. In addition, the puh-
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lislied result.s of 1073 (Abll(,s <111d Frallklill, 197G),1979 (Aksn~s et al., 1984) 

and 10S5 (Frallklill aud the G SO, Hl!)1) where llsed in the analysis after 

sui tn bl(> lllo<iific(l tiOll. The' 1'('('(mst.rudinl1 of the published data was consid

ered IH'('('Ssary t.o (·orn'd. for the IOllgi tlHlc (lisercpancy (AksllCS, Franklin and 

.r-"Iagllussoll, l0SG) for t.he 1973 and 1970 events. Fnrther more the published 

,;alues were dcriv('d usiug uniform disc model (1973, 1979 events) or Lam

bert's law (10S5 eV(,llts), whel'cas rest of the results were derived using either 

Hapke's lnw in sd (1), or L01l11l1cl-Sediger's law ill set (2). The required 

corrections wel'(' detcnllillcd ill t.he following mauner. 

Tahle 1>.2(b) Det.ails or III\1(.ual oceul\.(ltion data set (2). 

Year Tot. a I No. or positions RNliduals (a.rcsf)c) 
event.s 

.J 1 J2 .J:3 .11 G5 132 
Innl :H :n :l'l :{ 0 D.OI!) 0.011 

Hlin 2 () :1 G :1 0 o.on 0.02:! 

I!)~f):l 1G 7 !) 10 (i 0.023 (J.020 

IP8!)-1 85 .')2 11 .')0 21 0.028 0.029 

1990-$)l5,fi 21 17 20 4 0.039 0.0:34 

Sources: 
1. Aksllrs and Franklin, 1976 
2. A ksnrs d· (lL, HI 8,1 
3. Arlo\' <?t (11., H)02 
4. Fnmklin Ilnd eso. HJUI 
5. Dat(l from vno 
6. Arlot ct. aI., W93. 

For the 1073 dat.a, the p1lhlished ohscl'vC'd ma.gnitude drop was used 

to derive the impClct pCll'a.lllder !I nsiug the lll()(lel described in Chapt.er 3. 

The model yields, in fact, the llmgllit.nde drop fot' a. given impa.ct para.meter. 

The magnitude' drops for a set of YHInes for y close to the published value 

were first comput.ed and the impact parameter corresponding to the observed 

magnitude drop was obtained by quaclratic interpola.tion. The derived impa.ct 
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parameter corresponds to the distance of the light centre of the occulted 

satellite . t~ the centre of the occulting satellite at the published time (T/). 

The posltlOn of the geometric centre at this instant was calculated using the 

method described in section 3.7.1. 

The extensive astrometric data for the 1985 season by Franklin et al. 

(1991) correspond to the location of the geometric centre at the time of light 

minimum. These could in principle be used as such. However modifica

tion was required to transform the results from Lambert's law to Lommel

Seeliger's law. The published positions of the geometric centre (G) and the 

published phase corrections in time {{l'o: were used to obtain the position of 

the light centre (L), using the Eqs. 3.39 and 3.49. 

The impact parameter using Lambert's law is then 

y = (.6a cos 8); + (~8)7 

The model described in Chapter 3 was first used with Lambert's law 

to estimate the magnitude drop for the impact parameter derived this way. 

U sing this magnitude drop, the impact parameter for a satellite disc with light 

distribution given by Lommel 8eeliger's law was determined by employing the 

method used for the 1973 data set. The 1979 data (Aksnes et al. 1984) were 

similarly transformed to the required form. Table 5.2(b) gives the statistics 

of the data sets of the four mutual event seasons. Table 5.3 gives the relative 

astrometric positions of the centres of the satellites at the time reported 

in the 3rd column. Entries in columns 1 and 2 refer to the occulting and 

occulted satellites respectively. The last two columns give the position of 

occulting satellite S2 relative to occulted satellite 81 at the given UT date. 
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Ta!>k !).:\ Hdatiw a~t.'·()1l1f't.l'ic posit.ions for S1082 evellt.s. 

Satpliitl' tiT Dat.e 6,0' cos 6 AO 
SI S:l Dy l\lo "1'1' IIr l1Iill Sec mcsee (1.l'CSCC 

-f '2 ]() 00 7:1 O!l 10 00.0 0.2201 -0.712:1 
I '2 III (Hi ,:\ O!l O!J 58.0 0.2155 -0.731/4 

'2 17 on 7:l II 15 51.0 0.1730 -0.()287 
2 17 OG 73 11 I!) 5:J.O O.l6!J8 -0.6155 
2 :l·1 Of) n 1 :3 :w 50.0 a.H09 -0.5232 
'2 '28 O() 7:J ()2 22 -11.0 0.1-158 -0.5397 
2 08 07 7a Ii 27 52.0 0.09tJ6 -0.3917 
'2 OR 07 7:l 17 2R 06.0 a.07i1 -0.326G 
2 12 (J7 7:\ O(j 2!.1 ;IC).O (J.07i7 -0.3101 
2 l:l 0, T:I OG 2!.J 2:UJ O.O~~:\ -O.:lI175 
2 l:l 07 T:I OJ) :ow 2H.O ().()!)J !) -O.:l58'1 
2 1'2 07 7:\ Oil '.!lI 2·1.1) (J.087 I -0.:1,112 
'2 In oj' 7:1 OH :\2 2'2.0 ().07:l!J -0.27!)'-\ 
'2 '2'2 OT 7:1 '21 :\·1 OILO II.U71 :\ -O.:Ui:\:\ 
'2 '2'2 IlT 7:\ '21 :H O:l.() O.O7:11 -0.26(H 
2 20 07 7:\ 10 :\1) :12.0 O.0(j75 -0.2:.W:1 
2 O:l Of.: ,:\ 1'2 :I!l 2!).O 0.Oi19 -O.2:3~1 

l' '2 1:\ 08 ,:1 0:3 -It{ OI!.U 0.071 :3 -0.1918 
1 2 1:\ 08 ,:\ 0:1 ,18 ",.0 0.0619 -0.1610 

:l Ifj Of( 7:\ Hi 51 '12.0 O.0()()9 -0.1605 
'2 :.m OR 7:1 0.') .')n 28.0 O.()(j:\3 -0.1 :J:J:I 
'2 '20 OR 7;\ 0.') .')n :lIUJ O.O{)!) I -0.H17 
'2 '27 08 7:\ OH 07 !)o.o O.IHl!)2 -0. I I!)!) 
:l IJ:I WI 7:1 f() ~,n 1!l.U O.O57!) -0.07,13 
'2 01; tI!I 7:\ :.1;\ :\ '2 :lItO O.OG!) 1 -().(H(iC) 

:l 10 O!l 7:\ 12 ,1,1 2:),0 -().O,I:17 -O.()!)I)] 

1 :.I 21 O!) j:J ()·I :H ;)i.O -0.02()2 0.0·131 
1 '2 21 O!.l n 0·1 :ll :\fl.0 0.0281 O.()7i6 
I 2 2·1 O!) 7;~ 17 1)1) :J'2.0 0.0182 O.W36 
1 2 2~ O!) 7!3 ()7 25 08.0 0.0151 0.1818 
2 I 21 11 7;J on :J2 2;'. () 0.17:I:J -0/1721 
:J '2 2·1 O!) ,:1 01 ·11) I ~.() (J.~5!):\ -O.8G88 
:J 2 :.I.' Oil 7:1 01 .I!; O!).O O.:.1:1!)2 -0.819t\ 
:1 '2 01 10 7:1 Of) or, !)!).O (J.:.17!)3 -O.976{I 

2 01 10 TlI 01 :.1:1 ·11.0 -(J.12$6 -().2·lll 
'2 01 10 7!1 (J.I • :.1:1 !J8.() -O.12HI -0.22811 
'2 01 10 79 0·1 i~J :10.0 -0.1'119 -0.27'69 

'2 a 1·1 Ul 7H 2:1 ;I!) ,w.o 0.27:39 1.1827 
'2 :3 28 oi 7!.I Oi 5:) :w,o O.07t~:.1 U.3\Hi 
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T"bi<' G.:\ COllt.d. 
Slljpiiit.(, UT Date ~(Y cos 0 ~6 

SI S'2 Dy 1\10 Yr III' III i Il Sec: arc.scc mcsee 

'2 '21 mJ 85 o:~ 118 2/UJ 0.28G3 -0.928:3 

'2 o· I 12 S5 17 18 1:3.:3 O.UlUl -0.5S90 

'2 (H 12 Sr. .) 17 IS 18.0 0.2027 -0.5997 

:3 0:1 08 85 07 11 09.8 0.2972 -0.9108 

:3 22 OV 85 03 H) 11.1 0.2982 . -1.0051 

4 IG OG 8G 04 ml 27.8 0.:.3120 -1.05:31 

4 19 07 85 01 19 11.3 0.1665 -0.1S16 

2 4 29 05 85 Oil H 20.0 +0.0029 -0.0078 

3 '2 0:1 on 85 07 07 O!). ~l +0.2315 -0.6120 

3 2 10 OG 85 10 J :~ :HJ.I 0.1225 -0.31S1 

:\ 2 IG 07 SG 01 H 2(.1.2 -0.I8!)9 0.!)3G2 

:\ '2 2:\ 07 SG ()·1 11 :H.l.:l -().20:H) ll.!iDG2 

;\ '2 :\0 ()j /'iG 07 O!) ·17.7 -(J.210:1 () .Mi D 

:\ ·1 17 (Hi KG () 1 ,1:) 10. () +0.:\5/\7 -1.01t\~1 

,I :\ 12 07 81') 00 :HJ GS.:\ (J.20S1 -O.GHil 
,1 a 12 07 SG 00 ,10 10.0 0.2071 -0.GJ;10 

2 0 ml 8G 21 GO 51.'1 0.2920 -0.9607 

'2 1,1 OD 85 01 '1 4<'1.0 0.2605 -0,\1121 

2 1<1 09 85 01 'I 11.1 0.2639 -0.92ltl 

2 J.l (5) 85 01 'I 22.5 0.2G93 -0.9330 

'2 17 O!) 8G }'1 28 'l.n 0.2G07 -0.92:3G 

2 21 ()!) KG 0:\ ,18 :l(). !l ().25:19 -O.H111 

2 21 ()!l /'iG 0;1 ,18 :1:LO 0.2750 -0.1)821 

'2 '21 m) S!i 0:1 118 :ri.2 0.2():11 -0.9:371 

I '2 ,I 12 SG II 18 22.1 0.18,16 -0.G2I2 

1 2 1\ 12 85 17 18 1 GA O.lRGB -0.()2~0 

1 2 If) 12 S)) OS 55 7 .1 0.1101 -0.:l50S 

1 2 15 12 85 08 55 10.0 0.1101 -0.:3508 

1 3 13 07 81) 00 32 8.2 0.3299 -().8609 

1 3 27 07 85 05 17 :3~1.7 0.3081 -0.88D7 

3 27 07 SG (1) 17 ,1!).() 0.30:37 -0.8828 

3 :1 08 SG 07 11 13.9 0.3154 -O.U588 

:1 :3 OS 81) 07 rll 11.9 0.:1142 -0.9539 

:3 :3 08 85 07 41 07.-1 0.317S -0.9071 

a ~{ 08 85 07 41 08.:3 0.2~)()4 -0.900G 

:3 10 os 8)) 1U () :HUJ 0.:3079 -0.9885 

I 3 10 us 85 \() G 2:3.<1 0.:31<12 -1.0108 

1 3 IU U8 85 10 (j 2~).7 0.:3150 -\.0115 

1 3 24 os 85 15 7 0:3.4 0.:H74 -1.11 G7 

1 3 :31 08 85 17 45 58.5 0.3145 -1.1420 

95 



Table 1i.:3 COII1.,d. 
Satdlitp UT Dat.e iln cos 8 ilo 
Sl S2 Dy 1\10 '1'1' IIr 1\1111 Soc al'cscc arcsec 

:1 7 ml ~!i :2() :3-1 O·U) 0.3114 -1.1611 
:1 1·1 O!J ~:) :2:\ :\8 01.4 0.2855 -1.1136 
:\ H U!l 8)) 2:\ :37 4:3.5 0.3031 -1.1630 
:\ J.t Of.) 8)) 2:3 :31 5!J.:3 0.289(j -1.1201 
:\ n 09 85 0:1 l!) 3:1.8 0.2GS9 -1.0605 
:l n 09 85 0:3 19 !j 1.2 0.2611 -1.0112 

1 3 22 09 8]) 0:] 19 :33.5 0.2635 -1.0177 
1 3 22 09 81) 03 19 40.8 0.2623 -1.0375 
1 ·1 III Oil 85 (H 9 H.J.O 0.3863 -0.9'19S 

4 (j un 8!i (1) 1)7 11.:) 0.32]4 -1.1285 
.J (j O!l 8!i (1) !)7 II,;! O.3-1!)S -1.1190 

2 ·1 :10 O!i 8!) 10 :\8 OO.!) 0.21-17 -0.:\863 
:! ,I :lIJ U!i 8G 10 :\1' 0!).8 0.2110 -0.:3813 
:\ :\ UO KG II 07 :31.:\ O.3~(j0 -0.8DO!) 
:\ 10 U(i 85 1·1 1:\ 25.'1 U.2:\78 -0.01'18 
:\ I(J O(j 8!) H 1:1 21.1.'1 0.2350 -0.62GG 
:\ 17 un 8!i I7 'I :\ 27.5 0.1846 -0.'1833 
:3 I :12 11 8G UI ].I :\5.P 0.2622 -0.9103 
:\ 1 :m 11 8!) Oil 51 10.5 0.1733 -0.579~) 

3 1 2!l II 81) (J.) IH 20.5 0.1743 -0.5864 
:\ 2 :\ on Rli 0, on ])1\ .)) 0.2:33(l -0.6057 
:1 2 10 Of) 81) 10 1:\ 20.0 0.10:10 -0.2913 
:\ 2 10 on Rli 10 1:\ :.W.1\ O.(H)i(J -0.2771 
:\ 2 10 O(i 8li J() 1:\ 2tUl U.IOG9 -0.291)(j 
:\ 2 10 00 8li 10 1:3 21).5 O.lO:lO -0.2910 
:3 :2 1\ 07 85 :n 17 20.1 -0.1425 0.01075 
3 2 IG 07 85 01 11 25.0 -0.1f325 OA781 
3 2 Hi 07 85 01 11 21).5 -0.1567 OAGI7 
3 2 2~ 07 85 04 11 17.5 -0.1895 0.5G93 
3 2 2:l 07 85 011 11, 44.5 -0.1937 0.57-18 
3 2 :\0 07 8li OT ()~l 14..1 -0.H)16 0.5882 
3 2 :10 07 85 0, on 45.1) -0.20:3G 0.6 J 65 
3 2 30 07 8!i 07 O!) 'Ii.!) -O.IB72 0.5667 
:\ 2 Of) 08 8li 10 10 J:3.1 -0.20;l(i 0.6136 
:3 :2 Of) 08 85 10 10 III. :l -0.2115 0.(,H21 
3 2 Of) 08 85 10 10 12.8 -0.2048 0.6210 
3 2 O() 08 85 10 10 17.1 -0.2013 0.6115 
3 2 06 08 85 10 10 I t l.1 -0.1977 0.6002 
3 2 13 08 8.') 13 1 :~ 21.0 -0.2118 0.6500 
3 2 I:] 08 85 1:3 13 24.2 -0.2097 0.6401 
3 2 27 08 85 HJ 37 14.8 -0.2293 0.7164 
3 2 27 08 85 19 37 9.1 -0.2435 0.7465 
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Table fi.3 Cont,d. 

Sat.cllit.(, tIT Dat.e .6..0' cos 0 .6..5 

Sl S2 Dy ~Io Yr Ill' III III Sec al'csec arcscc 

:~ :! 0:\ O!.l 8!) 2:\ oa 1'1.8 -0.2100 0.7475 

:\ :! II O!) 8!) 02 ,18 11.2 -0.2950 0.9047 

:1 :! 2fi O!.l 85 18 57 4'1.5 -0.3175 0.9558 

3 4 17 06 85 01 ,H 59.3 0.1085 -1.0113 

3 4 17 06 Sf) 01 ,1-1 :n.:l 0.3019 -1.0134 

·1 I OG OG 8f) n 0·1 :34.2 0.3194 -0.8830 

4 1 10 07 8» 09 37 20.7 0.0825 -0.21111 
,I 10 07 8» OD :1/ 20.!.l 0.0850 -0.2/155 
.\ 10 07 R~ ( .) on :17 l!),7 0.079G -0.2:325 
.\ 10 07 Sfi (1) :17 21.8 0.0826 -0.2/128 

'I 10 07 8G m) :17 2:l.fi 0.0729 -0.2180 

'\ '27 07 8G 17 OR I !). () O.:Wi!) -1.()277 
.\ '27 07 ~G 17 08 2·1.1 ().:l·tID -1.0202 
.\ '2.\ 1'2 ~G OJ 18 . :\!l.8 -0.11115 0.111'1 
.\ '2.\ 1'2 Sfi 01 18 ,no -0.151)1 ().'l4f)() 

,1 '2G 1'2 8!i 0'2 :H~ 07.2 -0.0:355 0.0976 
.\ :! ()() Oii 80 J 7 fiG !i7.6 0.3709 -0.0552 

·1 2 2G 07 8:' J:! :301 IG.G 0.0156 -0.0503 
,I :\ 12 07 8.') 00 .3D 5/l,:l 0,2:106 -0.6058 

4 a 12 07 Sfi ()o :m fiR.5 0,21:31 -().5590 

'2 01 01 III (JC) 27 r.r. -,j.). , O. ]()21 -0.!):125 

'2 01 01 ()I (J() :w !iiU; -0. 1570 -0.5171 

'2 ]!J 01 (II (J5 :1,1 OG.7 -0.H18 -(J.'lG27 

2 '2'l 01 (II O·{ 57 Ofl,O (). ()8~17 0.:H18 

2 n 01 01 18 tj:J fill. () -0,1:3:36 -0.'l31O 

2 05 02 01 L:3 1:\ :J:1.7 -0,02:.\9 -0.0802 

2 O!) 02 Dl 12 l!.l 28.6 -0.027 -0.1 J09 

2 1:\ 02 !Jl 01 2,\ 21.7 -0.0280 -0.09fi8 

2 ]:I m !)I OJ 21\ 2().O -O,O:JOI -0.1 0:32 

'2 Hi m !I! 1,1 :.W :W.5 O.OOU2 O.O:H9 

'2 :w 02 !II 0:1 :\·1 '21.0 O.O:\G3 O.ln3 

'2 2:\ 0'2 II! I() :w 11.,1 O.(J50 1 0.1 7(H 

2 '27 02 1.Jl O!i ,1:\ 4 J .:\ 0.0712 O.2!i29 

2 ()tJ ():l 01 20 !is 21).[1 0.12:\8 OA1~Jl 

2 O!J 0:1 01 20 58 :lfi .:3 0.12:35 OA il75 

'2 otJ O;J OJ 20 !)8 :J!l.1 0.1242 OA503 

2 1 2'i In OJ 14 :W :\:l.() 0.1972 0,72()0 

2 3 2fi 12 DO 22 07 12.6 -0.08G4 -0,2683 

2 3 0'2 01 [)1 01 a9 4\),2 -O.OSIO -0.2569 

2 3 2:3 01 91 1f) 42 19.1 0.0999 0.31\)1 

3 4 21 02 91 02 00 2V.7 0.1878 0,8188 
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5.4 Correction to the COllstants 

The method developed by Arlot, (1982a) was used for the present anal

ysis, and is deR<'.ribed briefly: 

The finite values of difference in t.he values of the sky plane co-ordinates 

6.0 cos 0 and 60 between observations (0) and theory (G) come pa.rtly from 

error in observations which is of statist,ical nature and is eliminated in the 

least square fit a.nd partly from the theory itself, thus if Xj and Yj denote 

the values of these observed co-ordinates 

but 

(5.1) 

where Ck and Ck' (/..: = 1-28 amI 1.:' = 1-22) a.re the constants of motion of 

the Galilean sat.ellites (Lieske 1977), ck and f3k' al'e the c,orrections required 

to update the constants in order to fit the observations. The constaJlts Ck 

are listed in Table 5.4(a.} (Lieske 1977). The parameters c's represent relative 

variat.ion of SampROll'S g(,lH~l'ic value Ao (column 3), such that the revised 

value will be 

A = Ao(1 +c) 

or 

e = (A - Ao}/Ao (5.2) 

All the c values are dimensionless parametel's. The constants Ck' a.re listed 

in Table 5.4(b) (Lieske 1977). The corrections t.o Gk' a.re the (31.;' values. The 

/3's are in degrees and are a.dded to the generic values (column 3). 

The problem now lies in deriving e,/3 values, such that the updated 

constants of the theory would best fit the set of (N) observations in the 

least square sense. A careful adjustment is possible by use of the pal,tial 

derivatives: 

(5.3) 
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SAGADP 
US lNG' GALSAP' 

AND 'HODLOP' 
LIESY-E (1977) 

CORSAMP 

FITTING E AND B 

CORRECTIONS ~E,~B 

Fig 5.1. Flow du\I't. iudicll t.illg I.h(' fit. I ing pro CCR,':' , 

Tli<' ~O1ll'('(' <70<1<'$1\1'(' f"()11I :\rlot (1!)1'2). 
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PARTIAL DERIUATIUES 

POSITION 
CALCULATION OF 

THEORITICAL POSITIOH 
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CALCULATION OF 

O-C AND RnS 
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whcI'(' i(l -t N) . '. 
• IS nUllllug llldex of the observation, and j identifies the 

8."t.dht.('. :tdl1t.ual occultations provide relative positions between the satel

ht,('s, UH'l"('fore t.he O-C values of their relative positions were used in the 

fit. Similarly t.he satellit.e-satellite positions of the photographic data were 

used. From tlw sets of conditional Eqs. (5.3), all the 28 c's and 22 /3's 

can b<.~ <l('riv(~d. However it is not possible d 1 t ' . an a so no necessary to make 
correctiolls to all the constants of the theory. In the present \vor~ only the 

IIl{'<1ll motions (c6 - C8), primary eccentricities (£16 - £19), primary sine in

dillatiom; (C21 - c2.d, mean longitudes (/31,/32,/34) proper perijoves (/36-/39) 

prop<'r llod<'s (flIt -/11.d, lihration phase angle amplitude (£9) and the libra

tioll 1'h"8(' <111glf' Uh) were fitted. The software developed by Arlot (1982, 

1982a) to derive his G-5 cphemcris was used for solving Eqs. 5.3. A minor 

modificat.ion was made for adding the corrections from successive iterations. 

The flow chart ill Fig 5.1 describes t.he sequence of the fitting procedure. 

The progranllne 'SAGADP' calcula.tes the theoretical positions and the 

pm·t.inl d('rivatives (~x , ~y , /'(3x , .6,1" ) using t.he fortran routines 'GALSAP' 
(>!k "!k ,. k' ,'i'k' 

flnd 'I\ODLOP' hy Lieske (1977). The sta.rting ephemeris for the fit was E-l. 

The IImt.ua.l <,vent.s were assigned a weight of 50, whereas the weight assigned 

to t.he phot.ographic da.ta ra.nged from 1 to 2 depending on the plate scale 

and r.m.s. of t.he r<:,siduals. The mutual event data were given larger weight 

becanse the mut,ual events are inherently a.ccurate and yield positions of the 

sat.€'llites aec.ura.te to a.bout a. few tens of kilometers. 

The observations are reported in universa.l time (UT). However, the 

theoretica.l posit.ions are calcula.tecl with respect to the TT (Terrestrial time) 

close to the former definition of ET (Ephemeris time) and physically made 

by measuring TAl (International atomic time) so that TT=TAI+32.184s. In 

order to look for possible changes in the mean motions of the satellites over 

the time span of 100 years, it is of utmost importance to know the difference, 

6.T = TT - UT, precisely. The values of !)'T used in the present study 

were taken by Arlot (1982a) from various sources and is shown as continuous 

line in Fig 5.2. For comparison, the !::.T values by Stephenson and Morrison 

(1984) are shown as dotted line (American Ephemeris 1992). The!::.T values 

of the two sets differ by a. maximum of 1.5 seconds. 
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Oat e ( yea rs ) 

Fig 5.2. iJ.T \'ahl(,~ (I s ('(I ill t.he PI'(,S(,llt. work is from Arlot (1982), shown as the continuous 

liIH'. Th~ (h,shed line is frol1l St.('ph(,llsoll a.lld Morrison (1984). 

Th(' progrmu 'COnSArvIP' cmTiC's out t.he fit in the least square sense 

tllld dd.('rmill(·'s the cOlTect,ions 6::: k and D/h, t.o original (Ek ,/h,) set. 'Fhe 

positiolls <111<1 pmt.ial dc'rivativcs WPl'(' recalcnlat.ed wit.h the modified f, j3 

Y<lltH'S ill 'SAGADP' awl fit was rq)('nt,C'd. Four it.erat.ions were carried out. 

The sf,lcdc< 1 l'csnlt.iu,ll; ('phelllC'l'is In 1><'1e<1 1-32 is given in Table 5.5. The 

n'siclllais (J for tIl(" posit.iolls of t.h<.' sat.ellit.es at the t.ime of observat.ion were 

colculnted cOlllIHU'('(1 t.o G-G (111<1 1-32 cphf'lllCri<i('s where 

0'= 

i~ jtl [(Xl) 2 + (y/)2] 
2 x4 x N 

(5.4) 

102 



These are given in t.he last two columns of Table 5.1, and Tables 5.2( a&b ) .. 

Comparison of t.he residuals using t.he two ephemerides shows only a marginal 

difference. 

Table 5.5 c - f3 values for I32 ephemeris. 

(Cl - +0.041590 ±0.0098) 
(c2 = -0.002461 ±0.0200) 
(c3 = -0.0231890 ±0.0076) 
(E:4 = +0.256938 ±0.0084) 
(c5 = {+2.067082138 ±0.095}.10-4 ) 

GS = {+0.1914605 ±0.07028}.1O-8 

G7 = {1.0620350 ±0.044363}.1O-s 
G8 = {-4.3762173 ±0.12171}.1O-8 

G9 = {14.2286 ±0.064061}.10-4 
(clO = {+0.1620 ±0.063)}.10-4 
(E:11 = -0.007778 ±O.OOOM) 
(E:12 = -0.275934 ±0.024) 
(E:13 = ~0.000308 ±0.0006) 
(c14 = {0.0950 ±2.80}.1O-4) 
(GIS = 0.00 ±0.15) 
GIS = -0.761448 ±O.068703 
Cl7 = +0.963303 ±0.061752 
G18 = -0.056173 ±0.OO:3330 
G19 = -0.0018711 ±0.000411 
(c20 = +0.002781 ±0.0005) 
C21 = +00460587 ±0.040296 
C22 = -0.009496 ±0.001377 
E:23 = +0.048456 ±0.002255 
E:24 = -0.078446 ±0.000904 
(c25 = +0.005384 ±0.01l) 
(E:26 = -0.000133 ±0.0001l) 
(.027 = {O.O ±0.0047}.1O-4) 
(.028 = {O.O ±0.001O}.1O-4) 
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/3 
/31 = +0.042422 ±O.004659 
/32 = -0.015043 ±O.000928 

/34 = -0.068653 ±O.000270 
/35 = 182.843830 ±0.003527 
/3s = 81.260641 ±20.77448 
/37 = 86.913295 ±2.068978 
/315 = 14.509744 ±0.184138 
/39 = -0.690772 ±O.022813 
(lJIO = +0.166755 ±0.05) 
/311 = +62.543522 ± 1.509104 
/312 = +5.805040 ±0.083225 
/313 = -5.466685 ±0.126572 
/314 = +4.468895 ±0.054777 
(/315 = -0.233589 ±O.l9) 
(/316 = 0.0 ±Oo4) 
(/31; = -0.140391 ±0.03) 
(/3115 = +15.610 ±:3.1) 
(/319 = +5.135 ±4.2) 
Uho = -1.719 ±2.1) 
(f3::11 = -7.784 ±1.8) 
(/322 = +0.04428 ±0.007) 

Pa.rameters within the 
paranthesis were not fitted 



5.5 Residual in Longitude 

The programs 'POSITION', 'OMCSL' and 'COMPAR' were used to 

calculate the (O-C) in longitudes, using the G-5 and 1-32 ephemerides. The 

(O-C) in longitudes in units of minutes of time are given for the four satellites 

in Table 5.6( a) a.nd (b). (1) only photographic; (2) photogra.phic and the 

mutual events of set (1) and lastly (3) all the data sets. A curious trend is 

noticed in the residuals of data sets with mutual occultations with respect 

to the G-5 ephemeris. \Vhereas 10 is delayed Europa is in a.dvance. A trend 

in the increase in residuals from 1£)73 through 1991 is also seen in Tables 

5.2( a&b). Manama (1002) reported a net projected along-track positional 

error for Europa rclat.iv(-' t.o 1o, which iucrcasC"d ra.ther smoothly from -12 

km in 1973 to -308 km in 1901, compared to E-3 ephemeris. 

Table 5.6(a) Error ill IOllgit.\ld!~ (lllillllt.I'S of t,ill1e) ('ompared to G5. 

Data Set <IT(') 1) dT(.J2) dT(.J3) dT(J4) 
(min) (min) (min) (min) 

Photographic 0.054 0.017 0.047 0.059 
±0.01O ±0.012 ±0.015 ±0.020 

(N)*= (1508) (1568) (1624) (1660) 

Photographic and 0.052 -0.001 0.044 0.059 
mutual occultations ±0.010 ±O.012 ±0.015 ±0.019 
set (1) 
N= (1569) ( 1l>40) (1647) (1666) 

Photographic and 0.0.'51 -O.OlC:i 0.035 0.062 
mutual occultations ±0.01O ±0.01l ±O.014 ±0.018 
set (1) and (2) 
N= ( 16(9) (17!)O) (Ina) • (1694) 

*N = Tot.al Humber of dat.a. point.s. 
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The 1-32 cphcl1lC'ris improvc's t.hc' H'sicIna!s in longit.ude ill casC' of photo

graphic observa.t.ion:; and also t.hc' ("01n1>i11('<1 dat.a set. The paucity of observa.

tions of Callisto in the mut.ual o("('ult.atioll set lead:; to unreliable corrections 

to the constants related to this satellites. The residuals using I-32 for J4 

have worsened compared to tha.t using G-5. 

Table 5.6(b) Error in longit.ude (minut.es of t.ime) compared t.o 132. 

Data Set dT(J 1) dT(J2) dT(J3) dT(J4) 
(min) (min) (min) (min) 

Photographic 0.019 0.010 0.039 0.26i 
±0.015 ±0.01 i ±O.021 ±O.02i 

(N)* = (1508) (1568) (1624) (1660) 

Photographic and 0.018 0.006 0.038 0.26i 
mutual occultations ±0.014 ±0.017 ±0.020 ±0.027 
set (I) 
N= (1 ))69) ( 16-10) ( 1(47) (1666) 

Photographic and 0.019 0.002 0.034 0.268 
mutual occultations ±0.014 ±0.016 ±0.020 ±O.O26 
set (1) and (2) 
N= ( 16i9) (1 i.50) (1723) ( 1694). 
*N = Tot.al number of dat.a point.s. 
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5.6 Search for Secular Changes ill Mean Motions 

The direct.ion of sccnl",r changes in the mean motion of the Galilean 

sa.t.ellit.es Ca.ll yield va.lllnhie due to the evolution of the satellite system itself. 

It is of great interest to the planetary scientists to determine whether 10 moves 

towards Jupiter (71'1 > 0) or away from it (1il < 0), where 111 is the mean 

Illotion of 10. A positive value of n1/111 implies that the tides raised on 10 by 

Jupiter are domina"ting. If 1il /nl is negative, the tides raised on Jupiter by 10 

domina.te the evolution. The values of 1i1/nl has been estimated by several 

groups (deSitter, 1928; 1031: Brouwer and Clemence, 1961; Goldstein, 1975; 

Goldstein and Jacob, 1085, 1086; Lieske 1087). 

The longitude (O-C) values of the data sets used in the present study 

using 1-32, were fitted with a quadra.tic equation of the form 

(5.5) 

The (0 - C)'s are in minutes of t.ime. The pa.rameter A in units of minutes 

is a ~lleaSnr(> of a. const.ant. offset. in t.he longit.ude, B (min.yr-1 ) is indicative 

of a consta.nt error ill tlw estimat.ion of the mean motions, a.nd C (min.yr-2 ) 

is a. measure of the acceleration a.long the orbit. To was taken to be 1961, 

the approximate mean epoch of the da.ta set. The constants A, Band C 

were determined by using the program 'COMPAR'. The derived values of 

constants are given in Table 5.7, for the three combinations of the data 

sets. From the phot.ographic da.ta alone, 10 appears to be advancing whereas 

Europa is lagging by a small amollnt. 'i\Then the occultation data set (1) 

is included the coefficient C decreases for both the satellites. This tn:.nd 

increases further when both the occuHation data sets are included in the 

analysis. The constant C in Eq. 5.5 is in fact !1ii where i =1, 4 for 10 

through Ca.llisto. 

The values of ql and q2 given by (Lieske 1987) 

ql = 1011 1·1.;jni 

q2 = 1011 (11'1 - 211'2)/nl (5.6) 

were determined using the derived constants. For the photographic da.ta set 
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this yields 

ql = 24.79 ± 7.89 

q2 = 30.17 ± 12.14. 

The value of 1'1'1/11.1 is (24.79 ± 7.89)10- J I yr- 1 • 

Table 5.8 gives the previous determina.tions of 71.} /71.1 extracted from 

(Lieske 1987) along with the results of this ana.lysis. 

For the phot.ographic and both the occultation data sets 

q] = 21.65 ± 7.44 

q2 = 45.61 ± 11.17. 

The values of ql and q2 appear to depend significa.ntly on the type of 

da.ta set used in the analysis. Therefore a cautious approach will be not to 

take the results as conclusive. 
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6. Concluding Remarks and Future Prospects 

6.1 Evaluation of the New Ephemeris 

The 1-32 ephemeris was derived using all of the dat.a of Arlot (1982) 

except deSitter's observations during 1913-1928. The additional 243 pairs 

of mutual occultations and extension of the photographic data set till 1990 ~ 

have not appreciably altered the G-5 ephemeris. There is only marginal im

provement in the residuals as can be s(>en from Table 5.1 and 5.2 (a.&b). 

A comparison shows tha.t the residuals in longitude have improved for 10, 

Europa. and Ganymede. The effect of assigning higher weight to mutual oc

cultation data involving Callisto ha.s resulted in the degradation of the .con

stants associated with this satellit.e primarily because of very sma.llnumber 

of occultations involving this satC:'llite. 

Fig 6.1 shows the comparison of EO(_), E-1(0), E-2 (.6), G-5 (x), E2x3 

(0) and 1-32 (+) ephemerides. 

For 10, the mean motion derin~d using this work is larger than that of 

G-5 but smaller than E2x3. The eccentricit.y correction $16 is lower than G-

5, but closer to E-2 and E2x3 values. \Vhereas the primary sine inclination 

(621)' mean longitude ((31) are very nearly same as those of G-5, E2x3, and 

E-2 values. The proper node /311 ( is significantly higher tha.n G-5 and E2x3 

but closer to B-2. 

For Europa no significant change in mean motion (/37 ) is apparent com

pared to the other recent ephemerides. ThC:' prima.ry eccentricity ([17) has 

increased by ",,100% compared to EO and ",50% compared to G-5. The other 

fitted parameters for the satellite are dose t.o the G-5 values. 

In case of Ganymede, 1-32 yields slightly lmver primm'Y eccentricity ([18) 

compared to G-5 but it. is closer t.o E2x3. The primary sine inclination 

correction ([23) is bet.ween t.he G-5 and E2x3 values. The propel' perla.pse 

((38) and the proper node (/:113 ) corrections al'e close to t.hat of G-5 ephemeris. 
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I-32 yields correction for mean motion (cs) for Callisto larger than by 

about 22% compared to G-5, but. it. is closer to that. of E2x3. The c.orrections 

to mean longitude (f34), proper periaps{' (j~9) and proper node ([314) are not 

very different from G-5 and E2x3. The large residuals for this satellite [Table 

5.6(b)] may be a result. of significantly diff('l'(..\nt. correction to the mean motion 

(68) primary eccentricity (C19) and t.he primary sine inclination (£24) for this 

satellite. 

It is interesting to note that t.he residua.ls in longitude for photographic 

and the combined data sets using 1-32 have imprpved compared to G-5 except 

for Callisto. However no· significant improvement is noticable in the residual 

of the sky plane co-ordinates given in Tables 5.1 aJld 5.2( a&h). 

One possible reason may be a consequence of higher weight assigned 

to the mutual events, and the differ('nce in the aceuracy attainable in the 

relative longit.udes and latitudes of t.he satellit.es. The timings of the mutual 

events can be determined from the light curves with an accuracy of about 

one second. The correction t.o t.he longit.n<i(' will be of thE' order of a few 

tens of kilometers. The c\'C('uraey of the relative lat.it.ude derived from mutua.l 

event on the other halld depends largely on the proper sky subtraction and 

the evaluation of the contribution of the occulting sat.ellite (Section 2.5). 

The results of the fit present.ed in Tables 4.2( a-p) indicate that the derived 

parameter is also significantly model dependent. For good qualit.y events, 

the fitted impact p~a.meter using the model with albedo variation are close 

to be predicted values. Mallama (1992) anived at residuals as low as 0".013 

for the events in 1991 using CCD. The mut.ual events have therefore the 

potential of yielding accurate latitude information but are degraclabl<:> due to 

reasons mentioned a.bove. 

Taking an average value of 1.5 as the 'l\.reight for the photographic data set 

and 50 for the mutual events, the rela.tive fraction of mutual event set to the 

total set is 8550:10762 for 10,9100:11452 for Europa, 4950:6574 for Ganymede 

and 1700:3360 for Callisto. Except. for Callisto, for whkh the l11utnal event 

data. are insufficient, the df':riv('d mean mot.ion and longitudes of the other 

three satellites would be expf"("t f"d to 1)(-> more accurate than the inclina.tions 

and the nodes. The lmver residuals in longit.ude with 1-32 [Tables 5.6 (a&b)] 
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and only ma.rginal improvement in the sky pla.nC' co-ordina tes [Ta.bles 5.1, 

5.2( a&b)] would follmv naturally. 

Examination of the coefficient.s A, D and C glven in Table (5.5) indica.tes 

that the mutua.l events appear to influcnc(' t.heir est.imRt.ion to a large extent, 

because of the higher weight. assiguc'd to them. Therefore a cautious approach 

will be not to take the results as conclusive; the mut.ual events, however, 

definitely show good potential. 

6.2 Future Prospects 

6.2.1 The Jovian Phenomena 

In the present study only the mutual occultation data have been used. 

The mutual edipses have not been included in the present analysis for the 

following rea.son. A mutual eclipse is in fact the occultation of the Sun by 

the eclipsing satellite as seen by the eclipsed satellite (Arlot 1986). Another 

problem pointed out. by Arlot. (108G) is tlU1t, it is erroneous t.o assume that 

the cone of umbra. or penumbra that. is carrird across the eclipsing sat.ellite is 

aligned in the Sun-sat.ellitC' direct-ioll. This would be the case if t.he eclipsing 

satellite were stationa.ry with respect. to the Sun, or in a frame of reference 

moving with the satellite. The (~O'cosb,.6.0)9 value for eclipse corresponds 

to the separation of the geometric cent.re of the eclipsed satellite from the 

shadow centre a.s seen from the Sun. Unlike occultations these ast.rometric 

positions cannot be directly combinf'cl with the photographic da.ta set. The 

position of the eclipsing satellite on the sky plane ha.s to be inferred after 

suitably correcting for the light travel time. Except. near oppositon, the 

mutual eclipses are recorded by monit.oring only the eclipsed satellite. The 

magnitude drop can therefore be determined with better a.ccuracy (section 

2.5). The full pot.ential of mutual events can be utilized if the mutual eclipses 

are also incorporated in the data set. after accounting for the tilt of the shadow 

cone and aberration. 
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6.2.2 Phenomena of the Saturnian Satellites 

The equatorial plane of Saturn C01'S8(:,1:I th(' inner solar system once in 

about 15 years - the next such crossing is centered around 1995. Eclipses 

of the sa.tellites by the planet, occultations by the rings, mutual eclipses 

and occultations, during the forth-coming apparition have been predicted 

by Thuillot et 801., 1992. It is propos('d t.o observe all the events that are 

accessible for observations from India. EllcC'ladns-Dione, Mimas-Tethys and 

Titan-Hyperion are locked ill orbital l'eSOllCUl('('i=i of 1:2, 1:2 and 3:4 respec-
o 

tively. For Mimas-Tet.hys, 2,AJ - 4,Aa + n) + ~h libra.te:; about a where the 

A's are the mean longit.ude's and ~rs m'(' t.he' IOllgit,ml<,s of ascending noelC'. 
o 

For Enceladus-Dioll<', A2 - 2'x,l + ~,:.! lihrat<'s ahout 0 . D<,t,('rmillat.ion of t.he 

libration amplitudes arC' illlpOltallt fOl' (lymnuical pnrpos('s (A.l"::SlH'S <'t a.l., 

1984; Thuillot, 1992). S<'culnr accc'lc>rat.iOll of MilllaH cau lw determined if 

mutual events over several sea.sonH a.rc' (,()lllbiuNl with photographic observa

tions, similar to t.he present. work for the .Jovian sa.tellites. 

The astrometric observations of the inner faint sat.ellites are difficult due 

to scattered light from the rings. Imaging in th(~ deep molecular ahmrption 

bands will dim the light from the planet but the light from the satellit.es call 

only be reduced when these astrometric: observa.t.ions are carried out during 

the time of ring plane crossings. It is pr()p()~;(>d to c:arry out the astrometric 

observa.tions of the inner sa.tellites during 1995 t.o understa.nd their dynamica.l 

beha.viour. 
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