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ABSTRACT

Six-color photometric observations.made'during Saturn's
1972/73 opposition enable us to separaté the solar phase
and orbital phase contributlons ﬁo the observed light
variations of iapetus, Titan, Rhea, Dione and Tethys. :
Titan shows no orbital variations, but has phase coefficients
which range from negligible values in the infrared to
0.014 mag/deg in ﬁhe ultraviolet. =ﬁheé has a bright leading
side, a lighﬁ cufve'amplitude of about 0.2 mag, which '
increases toward short wavelengths, and surprisingly large
phase COefficients,which increase from 0.025 mag/deg in
the red ﬁo 0.037 mag/deg in the ultraviolet. Combined |
with other availéble information, this behavior supgests
a. very porous,. texturally complei surface layer. Dione
also has a ieading side which is a few tenths of a
mégnitude br_-ié;htér' than the trailing side, but- the light
curve amplifude has little wavelength depéﬁdénce and the
phase coefficients are significantly smaller than those
of Rhea, suggesting.a-less intricate surface tekture._
The leading side of Tethys is probably a few tenths of
a magnitude brighter thén the'frailing'side. Our Iapefus
observatiohs generally supplement the'earlier WOrk by
Millis. The phase. coefficients of the bright (trailing)
side are typically'm 0;03 mag/deg and afe not,sﬁrongly-
wavelength dependent; the dark (leading) side coefficients
are largé (v 0.05 mag/deg) and incréase at shorter wavelengths,

indicating a very porous and intricate surface texture,.



The iight curve amplitude shows a slight increase
atv shor%er’wavélengths, suggesting an increésing
'contrast-between the dark andlbright materiéié. The
spectral reflectance curves we derive for the sateilites'

are in agreemént'with the Spectrophotometry of McCord,

~Johnson, and Elias.



1.) Intrdduction

o Prévious'photOmetricldbSerfations of the satellites

of Saturn have been insufficient to permit a clear
separation of ﬁhe solar phase and orbital phase thtributions
to the obsérved light variations. The former quantity

givés information on the surface microstructure.of bhodies
without atmosphereé, while the latter quantity yields
information on thnglobal distribufion of albedo features,
which in some cases may be related torinteractions between
the satellite and its environment. Iﬁ order to determine
~the solar and orbital phase coefficients and to establish
thelir wavelength dependence; we.undertook‘a program of
six-color. photometry of Iapetus, Titan, Rhea, Dione and .
Tethysrduring Saturn's 1972/1973 apparition. The observations
‘cover solar phase angles from +6.4° to -Y4.8° and wavelengths

from 0.35 to 0.75um.



2.) Obsérfatioﬂs

fhe observations were made with the'6l—qm telescope
and standard photoelectric photcmeter of the Mauna Kea
Observatory. This photometer usés an EMI 9558B (S8-20)
photomultiplier, thermoelectrically cooled to -20°C,
together wlth photon-counting electronics and teletype
data recording. We observed in six colors: the standard
four Strémgren filters (u, v, b, y), an interference filter
centered at 6239 A (here éalled the r' filter), and a
wideband Schott RG 715 (here called the i'filter) that,
in combination with the.photomultiplier, provided a
broad passband between 0.7 and 0.8um. - The cenfral;
wavelengths and bandwidths of these filters are given
in Table 1.

Each bbservation normally consisted of three consecutive
integrations in each of the six colors, followed hy measuré-
ments of‘the sky. The integration times were 8 seconds
for standard stars, either 8 or 16 seconds for Titan,
andllﬁ seconds for the other satellites. An aperture
15 arcseconds in diameter was most suitable for the outer
satellites (Iapetus, Titan, and sometimes Rhea). For
the inner satellites, however, the high background level
of light scatﬁered from Saturn necessitated the use of
a T-arcsecond aperture. Standard stars were observed

approxlmately once per hour, usually with both the 15- and

{-arcsecond apertures.
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For Iépetus ana the standard stars, the sky signal
wés measured by simply offsétting the telescope north
or south by 15 to 20 arcseconds. A more careful proéedure_
was required for the inner satellites, howéver, in which
theISKy was measured on both sides of the satellite at
the same radial distance from Saturn as the satellite.
Errors in poSitiéning the aperture in the presence of
a strong gradient in the.scatteréd7light are the source
of most of the uncertainty in the meésureménts_of Dicne,
and especiaily of Tethys. _A discussion of these effects,

fogether Wifh.a plot of scatteredllight és a functlon of
'distancerfrom Jupiter obtained with this same telescope
and photometer, has been presented by Cruikéhank aqd'-
~ Murphy (1973). |

For eacﬁ observatlion we averaged thg numper of counﬁs,
computea a standard deviatibn, and subtracted the average
-~ of . the sky readings. Where several sequences were taken
on the same satellite within a short period of time, all
' of these measurements were combined to generate a single
6-color set of observations.

Numerous oﬁservers have measured extiﬁqtion in the
uvby systém‘at Mauna Kea and haﬁe_demonstrated that the
mean coefficients are highly reproducible {(Wolff and Wolff
1971; Morrison et al. 1973). The Ejg& extinction coefficients
that we measured for our standard oomparisﬁn star (37 Tau =

"HR 1256)generally agreed with the mean values (Table 1),
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For the r' and 1' fillters, we determined extinction
coefficients of .09 i .02 and .07 + .02 mag/airmasé;
fespectivélya Since we did not normally observe at
airmasses greater than 2 and we reduced the magnitudés'r
relative to 37 Tau, the uhcertainties in these coefficients
are 1nsignificént.

Differential magnitudes, expressed relative to our
primary standard, 37 Tau, are sufficient for thé deter-
mination of phase coefficlents and amplitudes of light
curves. These magnitudes, reduced to mean opposition
distance from Earth and Sun (r = 9.54 AU and A = 8.54 AU,
are tabulated in Tables 2 to 6. In a later secticn, we
will derive a transformation between our inétrumental
X—magnitudes and the V-magnitudes of the UBV system and
between our instrumental colors and those of the standard
.EEEX system; However, since these transformations
Introduce uncertalnties in addition to those inherent in
the basic differential photémetry, we will baée most of
our physical conclusions on the instrumental relative values,

Estimates of the uncertainty in each satellite
magnitude (relative to 37 Tau) can bé obtalned in at
least two ways. First, we compute the internai standard
error obtained in averaging the three‘or more integrations
that make up each observation point. Second, observations
made during the same night at similar‘solar‘and orbital
_ phase angles can be checked for consistency. For the

inner satellites, the errors estimated 1n the second way



‘are usually greater than the internal errofs, a result_in
agréement with our expectation that the main source of
uncertainty is the non—reﬁroducibility of the sky readings.
Thé larger of_the two errors 1s adopted'for eachlpoint

and quoted in the tables.



3.) Method of Analysis

Mean opposition magnitudes of the satellites relative
to 37 Tau are given in Tab1es 2 to 6. Assuming the
magnitudes vary linearly with solar phase anglé and
siﬁﬁsoidaliy witﬁ orbital phase angle, we perform a
four-parameter ieaét—squares fit to the data for each

satellite with the equation:

M=M + Ba+ u, sin (G—BD) ' (1)
where Mo o= _méan magnltude relative to 37 Tau
o = - solar phase angle
B = phase coefficient
8 = orbital phase angle, measured in the

prograde sense from superior conjunction

0 = orbltal phase angle at which_MO DCCUrs

and Euo = peak to peak amplitude of the orbital phase

variation.

Except in the cése of Tethys, points are weighted as 1/02,
where o is the errof assigned to an individual point
according to the procedure outlined in Section 2. In the
case of Tethys a more subjective welghting procedure 1is
used (see Section 7).

Note that, because of our interest in the'wavelength

dependence of phase coefficients and amplitudes, we reduce

the magnitudes from each filter Separately. Separate flts to colors
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aré not attempted except for the case of Iapetus
(Morrison gz.gi.;-l9?ﬁb).

Several assumptions and approximations are implicif
in Eq. (1). First, a linear dependence |
on the solar-phase angle is assumed, whereas over the
range of phése angles of interest (0° to 6°)‘oppositionr
effeéts are important for dark, texturally complex
surfaces, and a dependence of the.phase'coefficient on phase angle
can be expécted. Secondly, the orbital variatidn assumes
that the period of rotation of the satellite equals its
orbital’periéd.. This assuﬁption seemsrto be well
founded, and.only in the case of Tethys has it been
questioned (Franz and Millis, 19?3). ‘Finally, the orbital
sinusold is only ﬁhe fir;t'term iIn the general expansion
of the brightness variation, and, in fact, the brightnéss,
not the magnitude, 1s the'quantity whilch varies sinuscidally
with orbital phase. Only when AM £ 0.3 mag is it true that

ulsine ulsiné

AMa=O= -2.512 log (1 - ——T;-H) ~oo 1.1 lo = uosine

~where My = half amplitude of the brightness variation and
IO = brightness at 8 = 0° and 180° for o = Q° (see Secﬁion 8).
For Iapetus this approximation is invalid, and the

brightness verslion of Eq. (1) must be used.



-10-

The philosdphy adopfted here 1s to regard Eq. (1),
or its brightness equivaleﬁt in the case of Iapetus, as
a suitable starting point for our analysis. For esach
satellite we shall determine the four parameters from
the data and then comment upcen the meanlng and validity

of the solutlions in each particular case.
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4.) Mitan

When  the thirty available observations (Table 2) are
fitted‘for all four parameters in Eq. (1), it is found
that the light curve amplitude (2uo) is less than 0.02
mag at éilrﬁavelengths, in agreement with the earlier '
observations by Harris (1961), Blanco and Catalano (1971)
and McCord, Jéhnson and Elias (1971).

Since there is no ogservable orﬁital vafiation,-tﬁe
data may be anaiyzed by means of a two-parameter fit

M = MO + Ra
to détermine the wavelength dependencé of the phase
coefficiehts. ‘The fesplts, shown in Table 7 and Figs. i.

land 2, range from 0,014 mag/deg in thé ultraviolet to
‘negligible values 1n the infrared. 'Tﬁe only previous
determination of a phase coefficlent for Titan 1s that
of Blanco and Catalano (1971). Although these authors
fit their data to a quadratic expression for o, a linear

equatlon yields an equally good fit with B(V) = 0.006 +

0.001 mag/deg, a resuit,in agreement with our y value,

Reeent models of Titan (Pollack, 1973; Danielson et

gi., 1973; Veverka, 1973; Barker and Trafton, 1974)
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pestulate various amounts of atmosphere and aesrosols on.i
Titan. Some involve opticaily thick clouds, while others
require only a thin aerosol haze over a partially obscured
surface. The ability of these models to reproduce the
observed phase cpefficients is discussed in detall in

Noland and Veverka (1974).
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‘_5.)- Rhea

For Rhea and the inqer satellitesrsky brightness
measurements bécome progressivelj more'aifficult, with
the result‘that certain measureménts are noticeably
discrepant and have to be excluded; There remain 17
measurements made with the 15-arcsecond aperture and
- up to 30 measurements {(depending én the filter) made
with the 7-arcsecond aperture (Table 3). No systematic
differenc? between the twé sets is evident, and-they
have beeh combined to determine the parameters given
in Table 8, |

A sinusecidal variation in magnitude with an amplifude
of about 0.2 mag provides a good fit to the data (Fig. 3).
The rotation period appears to be completely synchronous,
with maximum brightness occuriﬁg near 8 = 90° and
minimum brightnesé near 8 = 270°., It 1s therefore the
leading side of Rhea which 1s brighter. ‘These results
are in agreement -with earlier, 1éss comprehehsive measurements
by Harrls (1961), McCord, Johnson and Elias (1971),

Blanco and Catalano (1971), and Blair and Owen (1974).

In Fig. 4 we plot the derived light curve amplitude
and'phase.coefficient against wavelength. The amplitude
shows a sharp riselat'wavelengths less thén O{5um. This-
behavlor can be explained by a two-component modei af tﬁe
surface 1n which the relaﬁive contrast between the dark

and bright areas lncreases strongly shortward of 0.5um.



14—

The spectral reflectance data of MeCord et al. (1971)
show that, relative to the (tralling side)/(leading side)
contrast ratio at 0.56um, the trailing (dark) side is
darker than the leading side at shorter wavelengths, in
agreement with our results, and possibly brighter at
longer wavelengths, where our results are inconclusive.
Such an effeet can be exﬁlained 1f the sbectral reflectance
of the brighter material is flat over the wavelength range
of iﬁterest (consistent with 1ce), while the spectral
reflectance of the darker material increaées from
ultraviolet toc red (consistent with carbonaceous or
sllicate material).

The value of the phase coefficient increéses from
0.025 mag/deg in the red to 0.037 mag/deg in the ultraviolet.
We reiterate_that.tbese are linear coefficients, determined
at small phase angles; where opposition effects are likely
to be important, and that any comparison with phase
coefficiénts of other bddies, determined at larger phase
angles, must be made Judiciously (see, for example,
Morrison et al., 1974b). Nevertheless, Rhea's phasé
coefficieﬁts are large, and these high coefficients,
coupled with the.very high geometric albedo in the visible
(0.6-0.8 according to Morrison, 1974), imply a very porous
and texturally complex surface layer. Such a surface

layer is also needed.to explain the reiatively deep

negative branch in the polariiation curve of Rhea found

by Zellner (1972).
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6.) Dione

The avallable data are glven in Taele Y and‘plotted
in Fig. 5.f All measurements were made with the 7farcsecond
: aperture. | | |
| The data are fltted in two ways:

1. rUsing a four parameter fit, ae before.

2. Aeeuming'eo = 0° at all wavelengths, and solving

for three parameters only.

The parameters obtained by both methods are givenrin
Table 9. " Since the first method yields incorisistent values
of 8, ranging from -21° (or 339°) t5'+34°, the assumption
used in the second method appears justified. The main
advantage of the.seeond method 1s that more reasocnable
values of B and B, in the u are obteined; In what follows
we will‘adopt the method (2) solution. 7

The leading side of Dione is clearly brighter than
the trailing side, consistent with the more fragmentary‘

' results of MeCord, Johnson, and Elias (1971) and with
the recent photometry of Franz and Millis (1973) and
Blair and Owen (1974), It 1s also- clear,-however that
'our sinusoidal fit to the data is not a very good one,
Since the amplitude of the light curve appears to be
larger between 180° and 360° than between 0° angd 180°
the amplitudes of 0.2 to 0.3 mag indicated in Table 9
may be underestimates. The measurements of Franz and
-Millls, for .example, suggest an amplitude closer. to 0.4

mag, and Blair and Owen clalm an amplitude of 0.8 mag.
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Unfortunately, we have too few data polnts to justify
separate fits to the two sides.

Within the error bars there 1s no wavelength dependence
to the derived 1ighﬁ curve amplitudes. Unlike Rhea,

Dione does not show & strongly wavelength-dependent
contrast between the dark and bright areas. McCofd
et al. (1971) report similar findings.

Not much weight should be given to the precilse Qalues
of the phase coefficients for Dione since the errors
involved are large -- a fact underscored by the.unphySical
negative values of B8 found in‘the i fil}er. Nevertheless,
the coefficients for Dione afe significantly smaller than
those for Rhea. The,emaller phase cdefficients and the
comparable goemetrilc albedo (0.6) given by Morrison
(1974) indicate that Dione probably has a less intricate

surface texture than Rhea,
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7.) Tethys |

- The obéervations of'Tethys given 1in Tab1e75 are- very
noisy dué'té scattered light from Saturn.r They.are
'analyzed by the two methods used in.the pase of Dlone,
Witﬁ the most reﬁroducible polnts welghted as i, and all
dthers (whose reproducibility is bad ofruncertain) weighted )
as 1/4. Since method (1) gives values of'eo ranging from
-41° (319°) to +54°, we adopt the method (2) solutlon,
which sets 6 = O°_ét all wavelengths. The deri#ed
parameters are shown in Table 10, and a typicél cufve
is given in Fig. 6.

The leading side of Tethys is probably brighter
than the trailing side. The formal value.s_ of the light
curve amplitudes lie between 0.1 and Of2 még, which is not
inconsistent with the results ofrBlaif and Owen (1974),
Franz and Millis (1973), and McCord et al. (1971). However,
Fig. 6 indicates that amplitudes up to 0;5 mag.cannot be
excluded. The phase coefficients aré comparable to those
for Dione, but, égain, the uncertainties arerlarge. |

Finally, since our Téthys observations extend over

only two months, we cannot test the vaiidity of
the slightly non-éynchronous rotation period sSuggested

by Franz and Millis (1973).
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8.) Iapetus

| The basic data are given in'Table'G, and the b
filter magnitudes, uncorrected for solar phase effect,
are plotted agalnst orbital phase angle in Fig. 7. It

-

is c¢lear that: 1) _BO = 0° (in . fact, for all filters
Eq. (1) yields eé = 0% + 2°) and 2) 2po = 2 mag (which
renders Eq. (1) inapplicable, as noted in Section 3).
Accordingly, we assume 6, = 0° and solve Eg. (1),

written in terms of brightness:

M = MO + Ba - 2.512 log [1 - Hay sine] - (2)

for three parameters: Mo, R and'ug. Here o ul/IO,

where My = half amplitude of the brightness variation
and I = brightness at 8 = 0° and 180°. It should also

be noted that Widorn (1952) found a good fit to the then

avallable Igpetus measurements by using the equation:
I =0.572 - 0.429 sins.

The form of this expression is equivalent to (2) if solar
phase angle effects are 1lgnored.

The result of fitting the whole light éurve to Bg. (2)
1s shown in Fig. 8 for the b filter. We find Mo (B) =

6.28 + 0.2 mag (relative to 37 Tau) and 8 = 0.025 + 0.005
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mag/deg,.but the agreemént between the cur#e,and the:data
poinfs is not very good near 8 = 90° or 270°. For an
improved.fit, wekmuét analyze the twﬁ sides of Iapétus
separately. | _

The analysis of the bright side yieids a very good
fit to the obseryations with the parameters shown in Table
11. Note that in this table the magnitude equivalent
of Mo is given. For the b filter the‘bright 31de wvalue
of Mo is about 0.1 mag greater than the value obtained
by fitting the whole lighf curve, but the value of the
phase coefficient 1s about the same in the two céses.

A similar situation Holds for the parameters obtained
with the other filters.

If Eg. (2) is applied'to the dark side, the formai
fit ylelds negative valués of B with large uncertainties
and correspondingly large values of MQ.‘ The reason for
this unphysical situation is clear: since the range of
dark side observations is limited to phase angles between
4,0° and 5.6°, a wide range of 8's will give statistically
equally valid fifs. The range of acceptable B'é for the
dark side can he limited,'however, by making,the reasonable

requirement that
MO (dark side) = Mo (bright side). .

Since the M, for the bright side is well determined (see

abqve), the dark side analysis can be'reduced to a two-
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parameter fit for B and u2,_.fhe results are shown in
Fig. 9 and Table 11, where the total light curve amplitude
My = 1, (dafk).+ Hy (bright) is also given.

The wavélength‘dependence of the phase coefficients
is shown in Fig. 10. Our phase coefficients for theAdark
side are large (v 0.05 mag/deg) and wgvelength dependent,
wilth the larger values occurring at shorter wavelengths.
Although these ‘are the best values for the dark side,
they should be treated‘with caution, for changing Mo by
0.1 mag changes'B by about 0.015 mag/deg. The phase
coefficients for the bright side are smallef (5 0.03 mag/deg)
and not noticeably wavelength dependent. These results
agreé well with the earlier work of Millis (1972), ﬁho‘
found the phase coefficients for the dark and bright sides
to be 0.06 and 0.02 mag/deg, respectively, in the visible.

The unusually large values of B for the dark side
are consistent with a very low albedo for this side
(0.04 to 0.05 according to Murphy et al., 1972 and
Morrison, 1973) and with the deep negative branch of the
polarization curve (Zellner, 1972}, all of which point
to a very porous and intficate surface texture. The lower
values of the phase coefficient on the bright side are |
consistent with a brighter surface, a less porous sdrface,
or both.

The light curve amplitudes for the dark and bright
sides of Iapetus are plotted against wavelength in Fig, 11,

along with the total amplitude., Since the brighter
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materialldominates the average photometric behavior of
~the surface, it is hot surprising that the bright side’
amplitude, whibh 1ls a measure of the bright/averége spectral
reflectance ratio,.appears to be wavelength independent.
The dark side and total amplitudes increase sligﬁtlyv
towards the blue, suggesting fhat the Qohtrast.between
the dark and bright.materials-increases'towards shorter
wavelengths. Morrison et al. (1974b) show that, in fact,
the spectral reflectanée of the bright maferiél ls fairly
.flat, while ‘the spectral reflectance of the dark material
increases'with wavelength.

& great deal of additional physlcal information aboﬁt
Iapetus can be obtalned from a compafisoh of light curves
at different values of the tilt of the.Saturn,sYstem
and, especially, from simultaneous photometric and radiometrie
1ight cuses. Such analyses, based in part on the observations
presented_here,-are to bhe found.ih Morrison et al. (1974bj,
In that paper afe derived values for the radius, the
‘distribution of geometric albedo on the satellite, and
the mean bolometrip Bondlalbedo and mean phase intégral

for the bright (trailling) side.
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9.) V Magnitudeé, colors, and albedos

Up to this point, we ﬁave considered cnlj differential
magnitudes and colors, expressed on the instrumenﬁal system,
We now discuss the transformation to the standard system
and derive absolute V magnifudes and colors for the satellites.

On most nights, we observed, in addition to the satellites
and 37 Tau (HR 1256), at least two additional standards,
one of which was usually 47 Tau (HR 1311). On two nights
in January, however, we performed a complete transformation,
using seven uvby standards. The V magnitudes
and colors of a number of standard stars are listed in
Table 12, together with the mean V magnitudes and colors
of the satellites {(taken from Tables 7 to 11), transformed
to the standard'system. For the transformation of the
satellite magnitudes and colors, we used the mean of
transformationrcoefficients'obtained46n seven nights
in Decembef and Janﬁary. The errors introducéd in the
transformation could be'as‘éreat as + 0.02 in V, although
an examination of the fesiduals for the standard stars
on the tWo nights on which the transformaﬁion was performed
suggests that the standard error in V is probably‘oﬁly
-+ 0.01 magnitude. The uncertainties in the colors are
less than + 0.01 magnitude. Since none of these satellites
exhiblts large variations in color, the transformatién
applied to the mean magnitudes and colors should apply

equally well to the individual measurements.



-23—

No standard systeﬁ exists for the r'-and 1' filters,
80 we a&opt our'instrumental system as the standard ahd
define the zero polints of the color indices so that
(r' - 1)-= (1' - ¥ = 0 for 37 Tau. The mean values
of'these color indices for the standard étars and
satellites are also'given in Table 12.

The mean V magnitudes of the satellites derived
from our measurements are bon@&red withthbséobtained by
other authors in Table 13. For Titan, the excellent
agreement with.the magnitude obtained by Blanco and
Catalano (1971) and the difference of 0.05 magnitude from
that obtéihed by Harris (1961) are similar to the agréement.
between Mauna Kea magnitudes'aﬁdfhosepublished‘by
Harris aﬁd by Blanco and Cataland for the Galileén
satellites (Morrison et al., 1974a). For the other
sateliites, our V magnitudes are consistehtly brighter than
those published previously. Tﬁese différences probably
result fromltherfact that we obtaln magnitudes at phase
angle a = 0° using derived phasé coeffici@nts, whereas
previous ébservors did not correct thelr mégnitudes for
dependencé on. phase angle. |

In order to determinerthe speétralrrefleétanCe of
the satellites from the colors given in Table 12, we must
know the colors of the Sun in our photometric system.
‘rMorrison'QE ng (1974a) have derived the solar values
of the three color indices of the uvby system from a

comparison of the published spectrophotometry of seven
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uvby étandard stars with the soclar spectral energy distribution
measured by Arvesen et al. (1969). We will now use
‘a simllar approach to derive the (r' - y) and (i' - y)

colors of the Sun. | |

For three of the secondary standards observed in this |

pfogram ~ 64 Tau, 68 Tau, and p Gem - spectral energy distrib-
ytions have been published by Code (1960) or Oke and Contl (1966).
We haﬁe adjusted thesé distripbutions to be on the scale defined
for Vega by Oke and Schild (1970). The sola? energy distrib-
ution published by Arvesen et al. (1969) yields irradilance ratios
in our filters of r'/y = 0.902 and i'/y = 0.679. Table 14 gives
the color indices deriﬁed for the Sun from the observatiohs

of these 3 standards. We alsoc derive two independeﬁt
calibrations of the colors of the Sun from_our |
measurements of o Vir and 29 Psc and the ratios of the
irradiance of these stars to that of the Sun obtained by
Johnson (1971) and Chapman et al. (1973), respectively.

Results for these two stars are also given in Table 14.

We take a straight_average to oﬁtain the final color

indices of the Sun, which afe given in Table 15 along with

the uvby color indices derived by Morrison et al. (1974a).

The uncertainties gi&en are based on the uncertalnties in

the stellar observations but do not include an additional
uncertainty of perhaps + 0.05 magnitude due to possible

errors in the energy distributions of the Sun (Arvesen

et al., 1969) and of Vega (Oke and.Schild, 1970).

Also listed 1n Table 15 are the mean ooiors of the

satellltes, relative to -the Sun, and the corresponding
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albedos, norﬁalized to unity for the y filter‘(O.SSum).

These albedos are plotted as a function of wavelength in.

| ‘Figure 12, together with the UBYV colors obtained by Harris

A {1961) and tﬁe spectrophétometric colors of MeCord et al. (1971).
Tﬁe agreement amohg the three sets'of data 1s quite

-good, except for Harris' long wavelength data, which may

be contamihated by light from Saturn or its rings (McCord

et al., 1971). The Titanrreflectance curve displays its

well—known‘ultraviolet dip: We also note the rémarkable

Similarity in thékcolors of Rhea, Dione, Tethys, and Iapetus.

~(Although we have plotted the mean reflectance for Iapetus,

the high-albedo material is the source of most of the -

- reflected light).

10.) Conclusion

The extensive photometric observations of. Titan,
lapetus, Rhea, Dione and Tethys presehted in thils paper
have made it possible to Separate the sclar phase and
orbital phase contfibutions to the observed light variations
of these satellites. |

For Titan, we have obtained the wavelength dependence
of 1ts solar phase coefficient. This dependence should
preve useful in'constructing future model atmospheres,

The other four satellites show a surprising array of
different photometric behaviors. Rhea and Dione have

similar high albedos, but differ in their phase coefflcients
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and in the wavelength dependence of thelr light curve
amplitudes. Rhea and the bright side of Tapetus have
similar phase coefficients, but they differ strongly in
albedo. The inner satelllites have bright leading sides and-
light curve amplitudes of a few tenths of a'magnitude,
while Tapetus has a dark leadlng Side and an amplitude

of almost two magnitudes. Despite thesé differences,

all four satellites havé similar spectral reflectivities.
Clearly Ilapetus, Rhea, Dione and Tethys are complex
objects, varying substantiaglly from one ancther in surface

structure and/or composition.
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Figure Captions

Figure 1: Magnitude of Titan as a functlion of
the solar phase arigle, a. The meaning of the érror
bérs i1s discussed in Section 2. All magnitudes in
this and subsequent figures are reduced tq me an

opposition (r = 9.54 AU; A = 8.54 AU),
Figure 2: Wavelength_dependence of Titan's phase coefficient.

Figure 3: Orbital magnitude variations of Rhea with solar
,phaée angle effects removed. The fitted sinusoidal

variation provides an adequate representation of

the data.

Flgure 4: Wavelength dependence of Rhea's light curve

-amplitude (top) and phase coefficient (bottom)..

Figure 5: Orbital magnitude variations of Dione with
Solar phase angle effects removed. The sinusoidal
fit appears to underestimate the light curve
amplitude near 6 = 270°. This difficulty is

'discussed‘in Section 6.
Figure 6: Orbital magnitude variation of Tethys in

the y fllter with solar phase angle effect removed.

The sinusoidal fit is not good, as noted in Section 7.
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_Figure 7: Magnitude variation of Iapetus in the b fiiter,

uncorrected for solar phase angle'effect;

Figure 8: Orbital magnitude variation of Iapetus in
the b filter‘with solar phase angle effect removed.
‘Since such a fit 1s unsatisfactory near 8 = 90°,

the two sides of Iapetus must be analyzed separately.

Figure 9: Orbiﬁal maghitude variations of Iapetus with
solar phase angle effects removed,'qbtained by
analyzing the dafa for the bright side (0% 6< 180°)
and for the dark side (18d585360°} separately

(see Section 8).

Figure 10: Wavelength dependence of the phase coefficients

of IapétUs for:
a) the bright side

b)Y the dark side.

Figure 11: Wavelength dependence of the light curve
amplitude of Tapetus:
a) bright side only

b) dark side only

¢) - combined amplitude.



Figure 12: Wavelength dependence of the geometric albedos
of Titan, Rhea, Dione, Tethys and Iapetus (at 6 = 0°),
normalized at 0.55um (y filter). Measurements by
Harris (1961) and MeCord et al, (1971), similarly

normalized, are shown for comparison.
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Filter u v b ¥ ' it

o ' ‘ : : .
A (R) 3500 4110 heT0 5470 6239 ~T7500
Full-Width at , 300 190 180 230 256 v 500
Half-Maximum (A4) ‘ - ‘
|Nominal Extine- AT .24 15 11 .09 .07
tion Coefficient :
(mag /airmass)

Table 1: Filter characteristics and extinction

coefficients.



Table 2. Titan, ‘ _
1973 | u.T. o(deg) | 6(deg)| " u v b y- ! i
‘Sept. 15 13 6.4 348 3.96:;07 | hh.zi;.o3_ 3.96.02 | 3.88+.03 ;u.09:.03
16 12 6 10 3.98:.,04 [ 4,16£.05 | 4.26:.04 3,9§¢.03 -3.88:.05 b:oai;os
17 12 6.4 31 ﬂ-OO:.o?' 4.1h¢.07“ 4.22¢.03 | 3.98:.05 [ 3.87x.04 | 4,08:,05
18 13 6.4 54 3.95:,06 | 5.11¢.04 |4 20£.03 | 3.95¢.02 3.88:.02 3.02¢.03
19 11 6.4 74 3.99t.04 |4.13t.03 |4.21£.01 | 3.95¢.00 3.892.01 | 4.03t.01
20 12 6.3 §6  3.96£.07 [4.13t.03 |4.22¢.02 | 3.97¢.03 3.88¢.03 4.06%.03
22 12 6.3 140 © ls.126.03 | 4.23t.02 | 3.96%.02 3.90¢.01 | 4.07%.04
23 15 6.3 166 4.23%.06 | 4.26%.04 | 3.99.04 [3.93t,02 | 4.08t.02
25 11 16.2 | 209 394,04 | £.11%.03 | 4.22£.03 | 3.98£.03 |3.89t.04 | 4.06%, 04
Oct. 2 13 6.0 12 . | %.03t.05 | 4.12¢.02 [4,20%.03 | 3.95¢.03 3.88i.03"u.o3t!03
3 12 6.0 Y- 3.95¢.02 | 4.11£.03 4.19+.01 | 3.95¢.02 |3.88.03 u{dsi.bz
12 13 | 5.6 212 3.95¢.02 |4.12¢.02 |4.21.02 | 3.95¢.02 |3.912.02 | 4.q72.02
13 ;12 5.5 | 258 3.97:.02 | 4.12¢.02 4.17:.02 13.91¢.02 [3.85¢.02 | 4,04:.02
14 10 5.5 280 - | 3.95:.02 (4.13.02 §.21¢.03 3.92¢.03 [3.91+.03 [ 4.08:.03
15 12 5.4 304 3 96:.05 |4.12+.01 M.Zl:;OE 3.95+.02 {3.89:.02 u.oé:;bl
16 11 5.4 326 3.95&{03 4.12¢.03 |4,21£.02 | 3.95:.02 |3.88:.02 4,03t.02
17 11 5.3 349 3.97¢.02“u.13£.02 4.22+.02 | 3.95¢.02 3.90%.03 §.06+.03
18 ) 10 5.2 11 3.96+,05 |4.16.02 |4.23+,02 | 3.96£.02 |3.89%.03 [L.05¢.01




Table 2.‘continued)_ Titan.

Solar |Orbital Magnitudes Relative to 37 Tau at Mean Cpposition
Hours Phase Phase : ‘ ' , S A
Date 1972- a(deg) | g(deg) u v .8 | X r =
1973 | u.T. ] '
Nov. 1 9 4.1 527 '3.92¢.02 5,10t.02 | 4.19%.02 .3.931.02 3.88%.02 | L4.03%.02
19 9 2.4 14 3.92¢.04 S 4,18%.02 | 3.94¢.01 | 3.86¢.01 | 4.04%.01
20 8 2.2 35 3.94%,03 J.lzi.oa u;éet.03 3.96+.03 [ 3.93¢.03 | 4.08¢.03
21 |10 S 2.1 58 3.93+.03 | 4,10£.02 | 5.192.01 3.9&:.01 3.89:.01 §.04%,01
25 21 1.7 157 | 3.91:.02 4.082.02 4.17¢.02 3.92:.oi 3.87+.02 | 4.03¢.01 -
29 5 1.2 239 3.89+.03| 4.,084.02 | 4.19+,02{ 3.93:.01 | 3.88£.01 | 4.05%.02
30 9 1.1 263 3.90+.03 | 4.11+.04 | 4.18£.03 | 3.942.02 | 3.89%,02 | 4.05¢,02
Dec, 1 8 1.0 284 3.90£.02 | 4,085,001 | 4.17¢.02 | 3.932.02 | 3.88.02 | 4.04x.02
2 8 'q;g 307 3.90%.02 | 4,08£,01 | 4.18:.01 3.93+.01| 3.88:.01 | 4,05%.01
13 21 0.5 196 3.89:.02 | 4.08%.01 'lesi.dl 3.931.02..3.87¢.03 4.05¢.03
14 6 0.6 215 3.86%.02 N;Dﬂt.QE‘.4.16i.02 3.93¢.02 3.90.02 | 4.04%,02
Jan. 16 6. 4.1 243 13.91x.03 u.oSi.da 4.16£.03 | 3.92¢.00 | 3.87¢.05 | 4.05%. 0k




Table 3.

. ; _
1972 'Houz'*s c gg;gg O;gigzl Magnitu‘des R’elzﬁie(z: ggegzﬁr;}: Mean Opposition .
{Date 1973 U. T.} ofdeg)| 6(deg) T u v ) y r'. i 1
Sept. 19 | 12.5 | 6.4 147 4,43 .03 |4, 83¢t.01 5.j2-1:.01 5.351.'01 5'.1411:.02 5. 56’:.02
22 | 12,9 | 6.3 27’ L. hge 0N [4.88+.05| 5.26+.05 {5.425.02 |5.53+.01] 5.654.02
25 12.2 672‘ 265 4.66%.08 5.06:.03  5.422.03 |5.55+.05 {5.674.03] 5.774.05
Oct. 12 | 15.1 5.6 189 §.542,02 [4.88+.02] 5.27£.01 {5.472.03 |5.494.03 | 5.712.04
13 12.9 5.5 261 4.65£.02 |5.05:.05| 5:55+.07 |5.632.05 {5.61+.07 |'5.87+.03
14 11.9 5.5. 3'37 4.66%.05 |4.95+.03] 5.37+.04 15.48+.02 {5.52+.03 | 5.704.02
15, 14.6 5.4 66 4.39%,02 |4.77£.05} 5.21%,03 5.35$.0u 5.444.03
15 12.2 5.4 58 4.38:.02'.4.86i.ou 5.20%.01 |5.37+.03 |5.474.02 | 5.574.02
16 13.5 5.4 142 4.50£.01 [4,84%.02 '5.211.01 5.35¢.02 5.&5;.02 5.61i.io
-16 - 10.9 5.4 134  {4.B1£.05] 5.21:.04 |5.38+.02 |5.47:.02 |5.664.10
17 | 10.4 5.3 210 4.59.08 [4.96%.02] 5.35:.03 |5.52:.02 {5.55+.05 |5.67+.01
17 12.8 5.3 | 219 h.57¢.01 |4.95%.02; 5.37+.06 5.60+.02
17 1h.2 5.3 224 4.56%.05 | ;j5.37¢,92 5.52+ .01 '
18 10.0° | 5.2 290 4.59%.02 |5.042.03] 5.40+.03 5.611.05 |5.72%.02
18 | 12.3 5.2 297 _ o : %  §5.52:.02 [5.69:.03 |5.92¢ .04
18 : 13.7 5.2 302 o 4;95:.055 5.38:,03 550,03 {5.70£.02 |5.77%.02




Table 3, (continued)

1972- Hours | orer Orpital Magnitudes Relg?fge(zg §$E§Zﬁr§% NMean Opposition '
Date 1973 U.T. a(deg) | e(deg) u v b Y r' i
Nov. 19 11?# 2.4 327 4. 455,06 {4.91%.06 5.é6t.02 5.40:.01 | 5.48:.03 5. 62t.02
20 10.4 2.2 43 4.30£.01 | H.73.05 | 5.22+,06 | 5.31£.03 | 5.41£,04 |5.53:.04
25 - 8.9 1.7 7 4.66£.01 | 5.15¢.02 | 5.22¢.01 ] 5.32¢.01 5.50%.02
.25 13.0 1.7 90 4,73+.03 {-5.06+.01 5.2u£.02 ;5.3é¢.02 ,5.451.01
30 11.2 ;Ql 124 5.08%,02]5.23¢.02 | 5.35¢.04 |5.46£.02
Dec. 1 8.3 1,0 294 5.30%£.02 | 5.35£.01 | 5.45:.01 |5.63¢.01
1 10.1 1.0 200 5.20%,01 | 5.362.01 | 5. 45.02 5.57+.01
1 11.4 1.0 204 5.22¢.01 5.36:.01 {5.53+.01 |5.57+.02
2 10.3 0.9 280 , 5.22:.01 | 5.432,05 {5.59:.05 |5.63t.02
2 11.5 0.9 | 284 b, S4x,02 5,22:.01 | 5.37+.01 | 5.47:.01 |{5.60£.02
10 11.6 0.3 203 | 5. 443,03 o |
13 10.0 | 0.5 76 I's.obs.01 | 5.22¢.02 | 5.292.02 |5.408.02
13 13.8 0.5 89 . 5.21%,02 ['5.33t.02 5.38x.02
14 7.2 | 0.6 | 148 i, 255,02 |4,72:,02 |5.12:.03 |5.24.02 {5.35,02 |5. 47,02




Table 3.

(continued)

orbital

Rhea (15" Aperture

5.44+,

Solar Magnitudes Relative to 37 Tau at Mean Opposition

Date 1972- | Hours Phase Phase '~ : -

1973 U.T. aldeg) | 6(deg)|. u ¥ _b Y o 3!
Oct. 2 11.0 | 6.0 98 k. 39:,02 N.81:.02| '5:24£.02 | 5.295:02 | 5. 40£.02 5.154.03
2 12.7 6.0 104 4,43:,02 | 4.85+.02 '5.é7¢.02 5.39+.03 5.51%.05 5.62;.03'
2 14.2 6.0 109 §.37£.09 | b.79£.04) 5,21£.02 | 5.37+.03 5.472.02 | 5.584.02
Nov. 21 9.5 2.1 120 4.342,02 | 1.762.02| 5.152.02 5. 30,02 5.uoipp3"5.5og.02
o2 12.1 2.1 129 4. 27+.02 | 4.75£.02] 5.142.02 | 5.292.02 | 5.402.02| 5.494.02
25 107 | 1.7 83 5.23:.02 | 4.63£.02| 5.01+.02 | 5.16£.02 | 5.242.02 5.33;.02
25 13.9 1.7 94 4,256.02 | U,675.02| 5.06£.02 | 5.21£.02 | 5.31£.02 | 5.424.02
29 7.7 1.2 32 §.355.02 | 4.79+.03| 5.145.02 | 5.312.02 | 5.84:.02| 5.54s.02
29 9.4 1.2 37 §:29+.02 |4, 72¢.02] 5.12,02 | 5.32£.02 | 5.442.02| 5.55¢.02
29 118 1.2 By | 4.312.02 {4.74£.02| 5.142.02 | 5.32£.02 | 5.39+.02| 5.55+.02
30 7.8 1.1 113 | 4.15:.07 |4.672.02) 5.072.02 | 5.26¢.02 | 5.342.02 | 5.45:.02
30 8.2 1.1 116 | 4.215.02 |4.662.02| 5.082.02 5.23¢.02 | 5.385.02 | 5.44.02
30 9.8 1.1 3 119 | 4.21£.02 |L.68:.02 5.061;02 -5.2u$.02 5.33¢.02 5.u3i.dé
Deec. 2 7.1 0.9 270 +| 4.40%.02 [4.79+,02|'5.18+.02|-5.35:.02 | 5.44z.02| 5.55¢.02
.2 ‘8.0 0.9 ‘273- 4.&71.02 - 4,85+.02 5.26:;02 5.42+,02 | 5.53+.02| 5.65+.02"
Jan. 14 8.1 h.d 103 4.35+.02 fU.78%.02 .5'26¢'02 5.36+.02 | 5.47£.02) 5.61+.02
16 6.1 - 5.1 256 h.54%.02 {4.93%.02 | 5.30+.02 02| 5.50:.02| 5.65:.02




Table 4 Dione.

Date 1972 |Hours ggi:g o;ﬁigsl_ Magnitudes Relative to 37lTau at ﬁeén’0§posit;0§
1973 | U.T. e{deg) | 8(deg) u v b v o )
Sept 15 13.5 6.4 207 5.50£.04 ) 5.91.,02 1 6.06+.04) . -
Oct. 13 14.5 5.5. 170 5.45:.02| 5.76%,02| 5.96¢.02] 6.61*.06 | 5.93¢.03
| 14 12.3 5.5 283 5,402 .0l 5.81+.02| 6.28:.08 | 6,39+ ps 6.52%,04 6.591.06.‘
15 12.5 | 5.4 56 4.89:.05 | 5.42.02 | 5,86%.02( 6.02¢,02) 6.29t.02| |
15 14.9 5.4 69 4,88 .08 | 1 6.08t.02] 5.98%.05 | 6.20¢.02
16 11.4 - | 5.3 182 4.99+.,08 5.77+.02 | 5.92¢ .02 6.03%.02 '6.65t102
16 13.8 5.4 195 5.01%.05 | 5.45%.02 ‘5185:.02 5.93i.02 5-93i.6# 6.661.0u
17 10.7 5.3 309 5.66%.02 :5.071.03 6.242.02| 6.51*.14 | 6.482.03
17 13.1 5.3 - 322 | 5.08%.03 | 5.62¢.02| 6.03%2.02 ] 6.21£.03| 6.37%.14 6.140%.03
17 14,5 5.3 330 5.53+.04 | 5.97¢.03 o - '6.35%.13
18 10.3 5.2 77 4.88i.02 5.33%,02 6.05%.02 6.i71.03
18 l12.6 5.2 92 4.91£.04 | 5.43:,03 5.81%.03 6,02+ 05 'G;dui;qz 5.@8:.02
28 14.0 | 5.2 - 99 §.ols.0h | 5.422.06 5.79%.06 6.01*.02 6.22¢.05
S Nov. 1 9,4 _4.1‘ 116 uf861.03 5-32¢.03 '5.78t 02 | 5.98%.02 | 6.08%.03 |6.04%.02-
1 9.9 4.1 0 1119 . | 5.11s.04 5.32:;03'_5.73: 04  5,92i 04 5§89#.02 5.86%.02
25 12.3 1.7 51 5.36£.02 | 5.76%.02 | 6.01¢.02 6.05%.02 |6.27¢.02
29 8.6 1.2 197 5.11.06 {5.51+.02 | 5.85%.03 | |
29 11.5 1.2 213 4.98:.02 |5. 45£ 02 5.82%,02 | 6.12%,07 | 6.29%,06
30 10.6 1f; 339 | |




Table 4, (continued) Dione.

10rbital]

, Hours Sclar Mégnitudes Relative to 37 Tau at Mean Opposition
Date 1872- : Phase Phase ‘ - ‘ . :
1973 U.T. a{deg) | P(deg) u v - b ¥y r' 1!
30 10.9 1.1 |3 5.96,02 | §,00¢.02 | 6,13%.02
~.iDee. 1 ‘ g.2 1.0 98 5.67+.02 5.89&.02 5.91£.06 6.12i;02
1 8.5 1.0 100 5.68+.06 | 5.89¢.02 | 5.98¢.07 | 6.10£.02
1 9.9 1.0 108 j5.69::02 5.91+,02 {6.02+.03 | 6.13+.02
1 10.3 1.0 ilo 5,71£.02 | 5.93+,02 | 6.06+,03 6.151.02
1 11.2 1.0 115 5.70:.02 | 5.92¢.02 | 6.03:.02 6.,13:.03
1 11.7 1.0 117 5.78:;02 5.99+.03 | 6.04.02 | 6.19%.04
2 8.2 0.9 230 | 6.112.02 | 6.25¢.02 | 6.38%.02
2 9.6 {.0.9 237 5.83t.02 '5.1pt.oé..6.27;.02 6.41+.02
2 10.0 0.9 240 'é;gzzioz 6.13£.03 | 6.24¢,02 | 6.38%.02
‘2 11.3 0.9 247 5.96+.02 | 6.13+.02 | 6.35+.,05 | 6.41.02
13 7.3 0.5 233 5.93:.02 6.30:.04 | 6.44.02
13 14.3 0.5 271  16.07:.02 | 6.14£.03 6.33£.05




Table 5., Tethys. .

bate 1972 Hours | 1531?1;:: 0;‘;21;:1 Mafgniﬁu'des Rél-étive to 37 Tau at Mean Oppositioh
1973 U, T, a(dep) 8(deg) u v b ¥ r' 1
_bct. 13 13.3 5.5 270 " | 5.14+.03 | 5.38:.03 |'5.73¢.02| 5.90¢.02 | 5.95£.03 6.014 .04
14 12.7 | 5.5 96 §.72+.03 5.61£.02 | 5.75£02 | 5.77%.05 5.92:;03
15 12.9 5.4 282 4.95£.03 [ 5.43+.02 .s.aui.bz 5,55:.03 5422;.02 -6.35£;o3
15 15.1 | 5.4 300 5.35%.05 | 5.76+.04 | 6.052.03 ] 6.06+.02 | 6.22+.06
16 11.8 | 5.4 110 4£.87+.03|5.32+.02 [ 5.77+.02 6.00£.02| 6.12%.02 .21%.02
16 1u:1_ 5.4 128 4.90£.09 [ 5.28:.02 | 5.74+.02 5.92+.,02 | 6.04%.05 | 6.29%.11
17 | 11.0 5.3 294 4.93.03 | 5.472.02 | 5.87+.02] 6.05%.02| 6.22:.04 | 6.30%.02
17 13.4 5.3 313 | 4.92%.04|5.36£.03 ) 6.05+,02| 6:22%.,05 | 6.20%.02
17 14.8 5.3 324 | 4.88%.09 | 5.50£.08 |'5.73¢.02] 5.912.05| 6.13:.13 | 6.28+.02
18 10.6 5.2 122 5.79%,02 5328£{02 5.69%.02] 5.87+.02] €.082,09 |6.25:.05
18 12.9 | 5.2 | 0 | 4.82¢.02|5.27+.04 | 5.73+.02| 5.94¢.02] 5.98%.04 | 6.18%.03
18 "14.3 5.2 151 | 5.29t.06 5.95% .05 6.15: 07 {6.09+.08
Nov., 29 11.8 1.2 224 4.84x,02 5.32;;02 5.?2:.02 5.99%.02 ,Gadu:;oz 6.19%.05 -
| 29 12.0 1.2 226 4.79£.05 | 5.28%.02 | 5.65+.02 5.93.02| 5.98£.03 |6.32%.10
30 11.1 1.1 50 5.68+.02| 5.99%.02| 6.27+.04 |6.324.11
30 11.5 1.1 53 5.90%.02 $.07¢.03
30 11.7 1.1 54 6.02+£.02] 6.162.06
12.0 1.1 56 5;80:.02 5.97+.09

30




Tethys.

Table 5. (continued)

, : ~ Solar |Orbital -_ Magnitudes Relative to 37 Tau at Mean Cpposition
Date 1972- | Hours _Phase Phase - : : : :
: 1973 u.Ts a(deg) | 6(deg) u v b Y ot g
Dee, 1 10.5 1.0 235 6..12:.02 | §,10%.02 | 6.31¢.02 | 6.50%.02
1 11.1 1.0 | 2u0 5.88£.05 | 6.042.02 | 6.28£.03 | 6.50%.06
1 11.5“ "1.9 2b3 5.76+.02 | 6.00%.02 | 6,10%.02 | 6.38% .04
1 11.8 1.0 246 5.64%.02 5;82£.Q2 -5.92:.0é 5.§8t.02.
2 9.8 0.9 | 61 5.55%,02 5.76::02 5:851.02 5.99+.03
2 10.1 0.9 63 5.57+.02} 5.73t.02 5.88£.d2 - 5.95%.02
2 10,4 .9 65 5.66+.02| 5.87%.02 6.061.03 6.23%.03
2 1.1 | 0.9 71 5.58+.02 | 5.79¢.02 5.89:.02_‘6.d3:.02
2 11.5 0.9 - 74 5.60:,02| 5.82+.02] 5.86+.02] 6.06%,02
-13 12.6 0.5 22 6.04x.05 5.771.12 5.3&:.1?' 5.73%.02




Table 6. Iapetus,

r Solar Orbltal Magnitudes Relative to 37 Tau at Mean Cpposition
Date 1972-| Hours Phase Phase : _ i . :
1973 U.T. | o(deg) | eldeg) . u v b oy r e
Sept. 16 | 12 6.4 261 4,91£.04 | 5.39+.03 [ 5.87¢.02 {6.06*.02 [6,11*.08 (6.26+.04
17 | 12 6.4 265 4.90%,14 | 5.41%,03 | 5.81.06 |6.03¢..03 |6.10£.09 |6.33%.09
18 | 14 6.4 270 4.85%.03 | 5.37¢.05 | 5:80+.02 [6.03.06 [6.15£.03 |6.23£.03
19 | 12 6.4 275 4.85%,07 | 5,40%,02 | 5.82+.05 |6.06%.02 |6.14% .04 |6.26%,02
20 | 12 6.3 279 4.92¢,12 | 5.40%.06 | 5.86£.05 {6.01¢ 07 |6.18+.07 |6.32¢.03
22 | 12 6.3 289 4,90%,14 | 5.36%.10 | 5.89£.02 |6.11¢.03 |6.23£.05 |6.30%,05
23 | 13 6.3 294 %.00%,01 | 5.45%,01 {-5.89.02 |6.13¢.01 |6.26%.05 [6.32%.10
o251 6.2 303 4,96:.04 | 5.55.03 | 5.89+.04 |6.13¢.04 |6.30%.07 | 6.38:.07
Oet. 2 | 13 6.0 336 5.28+.04 | 5.78+.0b | 6.212.03 | 6.39:.04 |6.52¢.,03 | 6.59¢.05
"3 | 13- 6.0 341 5.35£.03 | 5.81t.04 | 6.27+.02° | 6.47+.03 | 6.59+.03 | 6,67« .04
12 13 5.6 21 5.99+.05 | 6,51+ .02 6.96+.02 | 7.16% .01 7.22¢.02 | 7.29%.02
13 | 12 5.5 26 6.17+.06 { 6.58+.04 | 7.00+.03 | 7.21¢.01 {7.23:.04 | 7.34£.03
14 11 5.5 30 6.22+,05 [ 6.63¢.04 | 7.15+.10 | 7.24%.03 | 7.33£.07 | 7.52%.06
C 15 |12 5.4 34 6.19%.08 |.6.79¢,04 | 7.17+.06 | 7.34x.10 | 7.41% .06 | 7.58%,07
16 | 12 5.4 39 6.25%.11 | 6.80%.05 | 7.24%.05 | 7.36% .14 | 7.49% .04 | 7.60¢.05
17 11 5.3 L3 6.51+.06 | 6.90+.05 | 7.32+.05 | 7.56+.05 | 7.50% .04 7.62% 04 :
18 | 10 5.2 |47 6.40%.08 | 6.95:.05 | 7.40%,05 | 7.58+.06 | 7.67%.05 7.79%.09
Nov. 19 | 10 2.4 {190 5.34,03 | 5.83x.03 |'6.28+.04 | 6.49+.03 | 6.60% .02 6.73%.03
20 9 2.2 195 5,30¢.04 | 5.79%.01 | 6.21%.01 | 6.45¢.01 | 6.54%.02{ 6.66¢.02
21 | 11 2.1 199 5.26%.04 | 5.74%.,03 ] 6.19+.03 | 6,40+.02 | 6.49%.03] 6.62% .04
25 | 13 1.7 219 5.07%.04 | 5.50%.02 | 5.95£.01 | 6.15+.02 | 6.26%.02] 6.37%.03.
29 | 9 1.2 238 4,86%,01 | 5.35%.02 | 5.80£.02 |6.00%.01 |6,11+.02| 6.23%.02
" 30 8 1.1 243 4.81%.03 | 5.322.02 | 5.77+.02 | 5.974.04 |6, 08,03 6.18+.03




Table 6. (continued) Iapetus,

B Solar | Orbital Magnitudes Relative to 37 Tau at Mean Opposition
Date 1972- | Fours Phase Phase '
1973 U.T. a{deg) b (deg) u v b Yy ! 1t
Dec. 8 1.0 248 4.77+.04 | 5.29£.02 | 5.72t.03 |5.95%.02 | §.05t.04 6.15#.05
9 0.9 253 4.75¢.03|5.24:.03 15.70£.02 {5.91£,02 | 6.03+.02 [ 6.13+.01
10 1L 0.3 289 4,70:£.02(5.20+,02 | 5.67+.02 [5.90£.02 | 6.042.02 |'6.07¢.02
13 12 0.5 304 4.82+,03 | 5.31£.03 | 5.75:.01 | 5.94%.02 | 6,06%.04 | 6.16+.02
14 7 0.6 | 309 4,81%,10( 5.342.10 | 5.81¢,10 [ 5.97¢.04 | 6.14¢,04 | 6,24%.10
22 11 1.5 . | 350 5.23.06 ! 5.78.02 {6.17:.02 | 6.3%.02 |6.495.02 |6.61t.02
Jan. 14 7 5.0 90 6.85:.12 | 7.31¢.03 | 7. 7¢*.03 | 7.86:.03 |7.80:.20 |7.98.03
15 7 hoo. | 95 6.68:,09 ] 7.27£.02 | 7.68,03 | 7.93t.02 |7.87:.04 | 8.0%.03
24 4.8 135 6.50:.07| 6.97+.03]7.402.03] 7.57+.04 { 7.71£.04 | 7,71%.03




M§F2)

w v b Y r! 1
Table 7T
Titan
. B(mag/deg) | .014%.001| .010%.001 .006£.001.005+.001] .002%.001 .001+.001
M, (mag) 3.88%.01 | 4.07£.01] 4.17+.01 |3.93+.01 | 3.882.01 | 4.05%.01
Table 8
" Rhea \
B(mag/;deg) .037*:.'003 .031+.003;.027+.003 .025;.002}025&.003 5,024+, 004
2. . (mag) .24%,02 |.20¢.02 [.18:£.02 |.1%.02 |.19%.02 [.20%.02
(o] i R
Mo (mag) | 4.30£.01 |4.73%.01 [5.13+.01 |5.2%:.01 |5.40%.01 (5.52%.01
6, {deg) T+5 1248 07 05 -1=x7 349
Table 9 -
Pione . |
B(1) .045%,029 |.016%.010|.0124.005 >009+.007 |.003£.011 .015%.011
B(2) .029+.018.021+.010] .015+.006 }oog:.oo7 .003%.010 -.015¢.012
S +.30 < i +.10 +.18"
2 3 (1) 322735 .36+.08 |.30£.08 i.211:.12 247 5e 132008
2w (2) .23¢.08 1.33¢.06 |.23:.04  .19%¢.04 ].23:.06 .27%.06
M (1) §.82+.13 [5.43+.05 [5,83t.02 6.02£.02 [6.12£.03 [5.29%.04
4.90£.07 |5.41£.05 |5.80£,02 £.01+.03 [6.12+.03 6.27+.04

Y.

Cm e T e b



Table 9 (cont'd) — A | 2 g L L
8_@) -21#32  |16£10 34£19 32115 10£22 29:18
6, @ 0 0 0 0 0" 0
Table 10
Tethys ,
B Q) .066+.015(.009+.014/ ,014+.011}.019%.007].011%.012.016+.011
B (@) .035%.012].021.008! .015.010) .0194.007| .009+.012|.016%.014
, +.20 +.07 +.20 | ‘ . +.30 +.48
2w, ShoTrip [1llgs |-12Dlgp |-16%.06 197775 (+21070g
205 @ .20%,05 |.12+.03 |.12+.05 |.16t.08 |.15%.06 |.16%.07
M, Q) 4.52,08 [5.29+,08 |5.66%.04 .5,85t.03 6.00+.04 16.09%.05
M, ) 4.69+.06 |5.22+.04 |5.66£.04 |5.85:.03 |6.00¢.04 {6.09%.05
)eo(i) -35¢15  |54x70 ~7£50 ~1%25 3330 ~41430
6, @ 0 0o 0 0 0 0

Table 7.
Table 8.
Table 9.

Table

10.

Titan: derived light-curve parameters.

'Rhea: dérived light-curve parameters.

are given. See text for detalls. .

are given. See text for detalls.

Dione:. derived Light—éurve parameters. Two solutions

-Tethys:)‘derived,light;curve parameters. Two solutions




u v b ¥ r’ i’
M, (mag) 5. 4be.ob - | 5.94£.02 6.37%.02 | 6.59t.02 6.66%.02 6.78+.03
8(dark side) 061+.008 +055%.005 | .057+.004 | .0k8+.002 | .053%.007 -046%.005
B(bright side) 0354:003 .031%.003 | .030%.003 .032£.003 | .029+.003 .031+.003
ug'(dark) (mag) 1.13+.10 1.14%+.04 | 1.12+4.04 | 1.15+.03 1 osi.os 1.07+.04
'ug'(bright) (mag) | 0.725,@& 0.73+.03 | 0;71#,p3 _ 0.72¢i03‘u 0 67;f02_ _0,711.02
a, (total) (mag)  [1.85.1% 1-87£.07 | 1.83£.07 | 1.87£.06 | 1.72£.10 | 1.78:.06

Table 11; Iapetus:

derived 1
details.

lght-curve parameters. See text for ‘




Table 12,

V magnitudes and colors of standard stars and of satellites,

Object | HRNo. | V | wy | vy | by r'-y 1'-y
37 Tau | 1256 4,39 3.282 - | 1.751 | o0.644 | o0.00% 0.00%
47 Tau | 1311 4. 86 2.545 | 1.268 - 0.501 0.07 0.13
64 Tau | 1380 446 1.644 0.372 | 0.081 | 0.33 ©0.69
68 Tau | 1389 4,32 1,492 | 0.233 0.020 0.37 | 0.77
oGem %. 2852 418 1.565 0.583 0.214 0.24 | 0.48
oVir . 4608 ol 4.1b 2.786. 1550 | 0.590 E 0.02 | 0.03
129 Psc | 9087 5.14 0.544 | 0.004 |-o0.041 | 0.44 - 0.92
iTitan . .34 | 3.218 1.887 | 0.882 | -0.05 0.11
‘Rhea - - 9.67 .| 2.300 1.193 0.485 | 0.11 ‘5-10.23
EDibngA - 110.38 2.182 | 1.153 0.435 |- 0.11° | 0.26
:Tethys - | 10.22 | 2.131 '1.123 0.455 | 0.15 0.24
fIapetﬁs - 10.96 2.145 7| 1,105 | 0.426 | 0.07 -1 0.19

# By definition



‘Table 13.

Mean opposition V magnitudes.

Satellite

VO (Blanco & Catalano)

v Vé (Harris)
Titan 8. 34 8. 39 8.35
Rhea 9.67 9.76 9.73
Dione 10. 38 © 10.44 |
Tethys 10.22 10.27
xIapefﬁé'rt 10;96 :




Table 14,

Solar colors 1n the i' and 1' filters, relatlve to 37 Tau,

64 Tau | 68 Tauw - p Gem o Vir " 29 Psec Average
'3 +0.07 40,07 40,06 | +0.10 ©46.07 | 40,07 +-.01
(1'-y)q 0.23 +0.22 | +0.15 +0.22 | +0.22 | +0.21 % .02
Tavle 15,

Solar Colors; Satellite Colors Relative to the Sun, and Normalized Satelllte Geometric Albedos.

BCu-y) P, VA(g-gq -, 8(o-y) R, | az'-y) ‘Pr.‘ AL -y) Py
sun |2.03+.04 1.03+.02 0.41%.01] 0,07+.01 | 0.21+.02
‘Titan [1.19 . 10,34 0.86 0.45 | 0.47 0.65 | -0.12 1.12 | <6.10 . | 1.10
| Rnea 0.27 0.78 0.16 0.86 | 0.08 0.93 | 0.04 | 0.96 0.02 '0,98
Dione [0.15 . 0.87 0.12 0.90 ‘0.03-: 0.97  0.04 ' 0;96 0.65 0.95
Tethys {0.10 0.91.] 0.09 0.92 | 0.05 0.95 0.08 0:93.] 0.03 | 0.97
Tapetus|0.12 1o0.90 0,08 0.93 0.02 0.98 | 0.00 1.00 | ~0.02 - | 1.02




