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I .  INTRODUCTION

The purpose o f  the present study is to c o l l e c t  new photometric  

data in a standard photometric system fo r  several bodies in the outer  

s o la r  system; to discuss selected o lde r  ser ies  o f  observations of  

these ob jec ts ;  and to  subject the data to p re l im in a ry  in t e r p r e t a t io n  

and trea tm ent ,  p a r t i c u l a r l y  considering the a x ia l  ro ta t io n  o f  these 

s a t e l l i t e s  and p lanets .  The o r ig in a l  in s p i r a t io n  fo r  th is  work came 

from the f re q u e n t ly  encountered statement tha t  a l l  s a t e l l i t e s  in the 

so lar  system have synchronous r o ta t io n .  In f a c t ,  the observations  

published up to  a few years ago lend f i r m  support to tha t  claim only 

f o r  the Moon, the four  G a l i lean  s a t e l l i t e s  o f  J u p i t e r ,  Saturn's  

e ighth s a t e l l i t e  ( l a p e t u s ) ,  and, wi th  somewhat less s t rength ,  Rhea 

(Saturn V ) .  The unexpected re su l ts  of  the determinations o f  the  

ro ta t io n  rates o f  Mercury and Venus, and the th e o re t ic a l  work fo l lowing  

these d iscover ies ,  suggested to th is  student th a t  the s a t e l l i t e  

systems o f  the planets may wel l  contain o ther  examples o f  s p in - o r b i t  

resonances. The absence o f  published magnitudes and colors in the  

UBV system (or o ther  modern photometric system) fo r  some s a t e l l i t e s  

was an a d d i t io n a l  incent ive  fo r  the s t a r t  o f  a program o f  UBV 

photometry o f  s a t e l l i t e s  o f  the outer  p lanets .  The s a t e l l i t e s  of  

Mars were removed from considera t ion  f o r  th is  observing program at  

an e a r ly  stage because they would only be observable during a short



2

time in te rva l  near each opposi t ion ,  and then only wi th  large in s t r u 

ments; besides,  i t  was expected that the Mariner missions to  Mars 

would soon s e t t l e  the question of  the r o ta t io n  o f  Phobos and Deimos, 

as indeed they did (Burns 1972).  When some inc identa l  observations  

o f  P lu to  showed tha t  the present photometric behaviour o f  the planet  

d i f f e r s  from tha t  reported previously  (Walker and Hardie 1955,

Hardie 1965), i t  was decided to  include Pluto in the program, which 

in any case seems appropr iate  considering the well-known suggestion 

tha t  Plu to  is an escaped s a t e l l i t e  of  Neptune.

The choice of  the UBV system as the photometric system fo r  th is  

in v es t ig a t io n  was d ic ta te d  by two major circumstances: several

s a t e l l i t e s  are too f a i n t  to be measured w i th  narrowband f i l t e r s ,  

except perhaps w i th  the largest  e x is t in g  telescopes,  and the V 

magnitudes correspond c lo se ly  to the v isual  and photovisual magni

tudes in common use in the past.  The widespread use o f  the UBV 

system means tha t  s u i ta b le  equipment is a v a i l a b le  at  most observa

t o r i e s ,  so th a t  oppor tu n i t ie s  fo r  observing a t  various telescopes  

could be seized upon at  short notice and w i th  no complications caused 

by the photometric system used. The p r in c ip a l  drawback o f  the UBV 

system is the notorious d i f f i c u l t y  in reducing the U-B colors  

( e . g . ,  Hardie 1966),  but the s a t e l l i t e s  and almost a l l  comparison 

sta rs  used are  photometr ica l ly  wel l -behaved in th is  respect (having 

F, G, and K type s p ec t ra ) ,  and no major problems were encountered in 

e s tab l ish ing  the U-B colors f o r  the program ob jects .  Nevertheless  

some e f f o r t  was made to design reduction procedures tha t  would



reproduce the standard U-B colors b e t te r  than Johnson's method 

(Johnson 1963) w i l l  do a t  a lo w -a l t i t u d e  observing s i t e  such as 

southern Indiana; these e f f o r t s  are described in chapter IV .

The p r in c ip a l  observationa l  d i f f i c u l t y  in s a t e l l i t e  photometry 

is the strong and ( s p a t i a l l y )  h ighly  v a r i a b le  sky background due to  

the p la n e t .  While th is  in v es t ig a t io n  used conventional  p h o to e le c t r ic  

photometers wi th  s in g le ,  s t a t io n a r y ,  f i x e d - s i z e ,  c i r c u l a r  diaphragms 

in the focal  plane of  the te lescope, i t  is c le a r  tha t  s p e c ia l l y  

designed photometers may o f f e r  s i g n i f i c a n t  advantages.  The most 

promising approach is probably area scanning; the f i r s t  area scanning 

p h o to e le c t r ic  photometer used fo r  s a t e l l i t e  work was devised by 

Rakos (1965) ,  and the technique is in a c t iv e  and very successful  use 

at the Lowell observatory (Franz e t  a l .  1971, Franz and Mi 11 is 1973)-  

However, i t  is f e l t  th a t  the present study demonstrates th a t  useful  

photometry can be made w i th  conventional equipment on even ra ther  

close s a t e l l i t e s  i f  proper care is taken and the p roper t ies  o f  the  

sky br ightness d i s t r i b u t i o n  are reasonably wel l  known.

Some mention should be made of  photographic photometry here.

For the purposes of  th is  in v e s t ig a t io n  photography o f f e r s  no advan

tage f o r  b r ig h t  s a t e l l i t e s  not too close to the pr imary; such 

s a t e l l i t e s  can be measured p h o t o e l e c t r i c a l l y  wi th  l i t t l e  e f f o r t  to  

an accuracy not e a s i l y  a t ta in ed  in photographic photometry.  For close  

s a t e l l i t e s  the corrections  fo r  the scattered l i g h t  from the primary 

requ ire  much e f f o r t ,  whether one works p h o t o e l e c t r i c a l l y  or photo

g ra p h ic a l ly ;  the accurate  data which w i l l  hopefu l ly  be a v a i l a b le
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in the fu tu re  on such s a t e l l i t e s  w i l l  probably be obtained by area-  

scanning techniques.  For f a i n t  d is ta n t  s a t e l l i t e s  photography may 

be compet it ive ,  but the reduction work remains considerable;  the  

accuracy w i l l  probably be low, and the p o s s i b i l i t y  o f  systematic  

e rrors  in the magnitudes, p a r t i c u l a r l y  due to t r a i l i n g ,  is ra ther  

serious.

I t  is appropr ia te  here to b r i e f l y  summarize the information  

th a t  can be more or less d i r e c t l y  obtained from UBV photometry 

o f  s a t e l l i t e s  (and re la te d  bodies,  such as a s t e r o id s ) .  The primary 

data ,  a f t e r  correc t ion  fo r  atmospheric e x t in c t io n  and transformat ion  

to  the standard system, are usual ly  stated as a magnitude, V, and 

two color  indices,  B-V and U-B, fo r  the object  observed. As the 

distance from sun and ear th  var ies  c o n t in u a l ly  fo r  any so lar  system 

o b je c t ,  the magnitude is p hys ic a l ly  meaningful only a f t e r  distance  

norm al iza t ion ,  fo r  example by reduction to mean opposi t ion .  Thus 

we have as the re s u l t  o f  a complete UBV observation of  a s a t e l l i t e  

or p lanet the fo l lowing data:  Vq , B-V, and U-B. By c o l le c t in g  such

data over an in te rv a l  o f  t ime we can determine how these vary with  

t ime and so lar  phase angle.  The v a r i a t i o n  w i th  t ime,  i f  regular  

and p e r io d ic ,  can usual ly  be a t t r i b u t e d  to the r o ta t io n  of  the object  

around i ts  a x is ,  and is fo r  s a t e l l i t e s  o f ten  c orre la te d  wi th  posi t ion  

in the o r b i t  around the primary and having the same period as the 

o r b i t a l  motion,  thus ind ica t ing  synchronous ro ta t io n .  The character  

of th is  v a r i a t i o n  (amplitude and shape of l igh tcurve )  may be d i f f e r e n t  

a t  d i f f e r e n t  times or in d i f f e r e n t  parts  o f  the sky,  because of  

d i f f e r i n g  aspect o f  the ob ject  r e l a t i v e  to i t s  ax is  o f  ro ta t io n  or



because of  physical  l i b r a t i o n .  The phase function  (magnitude versus 

s o la r  phase angle)  gives ind ica t ions  about the surface  roughness of  

the body; what other  information i t  contains is a matter o f  some 

debate and w i l l  requ i re  fu r t h e r  work fo r  f u l l  c l a r i f i c a t i o n .  The 

v a r i a t i o n  of  c o lo r  w i th  phase angle is usual ly  smal l ;  i t  is unclear  

what information i t  c a r r i e s .  The mean colors are a t  the present stage  

mostly useful  as c l a s s i f i c a t i o n  c r i t e r i a  and are presumably determined 

by the mineralogy and te x tu re  o f  the surface ( f o r  atmosphereless 

bodies such as most objects studied in th is  work) .  The current  

a c t i v i t y  in narrow-band co lor im etry  o f  astero ids  (Chapman e t  a l .  1973) 

should lead to increased understanding of  th is  in the near f u t u r e ,  

p a r t i c u l a r l y  when combined w i th  resu l ts  o f  p o la r im e t r ic  s tudies.  

F i n a l l y ,  the magnitude of  the object allows the s iz e  to  be calculated  

i f  the albedo is known by other  means (Bowel 1 and Z e l ln e r  197*0,  

or conversely ,  the albedo can be determined i f  the s ize  is known.

I f  the mass is known, as is f re quent ly  the case e n t i r e l y  independently  

of  any photometry,  i t  can be combined wi th  the s ize  to give the 

densi ty  which is o f  course the fundamental datum f o r  models of  the 

i n t e r i o r  s t ru c tu re  o f  the body. This array  of  photo metr ica l ly  derived  

physical  parameters of  the s a t e l l i t e  or p la n e t ,  together wi th  fu r t h e r  

parameters derived by other techniques ( p o la r im e t r y , narrow-band 

photometry,  spectroscopy),  and information tha t  may be obtained by 

fu t u r e  f lybys  and o r b i t in g  or impacting space probes,  c onst i tu tes  

the physical  de scr ip t io n  of  the body to be accounted f o r  by any 

theory f o r  the o r i g i n  or evo lu t ion  of  the so lar  system.
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I I .  PHOTOMETRIC AND GEOMETRIC PARAMETERS

The terminology used in discussions o f  photometry o f  so lar  

system objects has a f a i r  degree of  universal  acceptance as regards 

d e f in i t io n s  o f  terms and symbols fo r  the q u a n t i t i e s  and parameters 

involved.  Introduct ions to th is  terminology are  a v a i l a b le  in 

several  sources ( e . g . ,  Harr is  1961, de Vaucouleurs 1970, Sharonov 

1964).  In the fo l lowing I w i l l  b r i e f l y  s t a t e  d e f i n i t i o n s  o f  some 

terms used f requent ly  in th is  work and in a few cases somewhat 

modify the conventional  terminology to improve the prec is ion  or  

usefulness of  the d e f i n i t i o n .  The sources used to  obta in  actual  

numerical values o f  various q u a n t i t i e s  needed fo r  the reductions w i l l  

also be indicated.

A. Reduction to standard dis tance and phase angle.

The observed (apparent) magnitude, m, o f  a p lanet  or s a t e l l i t e  

is a funct ion o f  i ts  d is tance from the sun, r ,  i t s  distance  from 

the e a r th ,  A, and the so lar  phase a n g le , a ,  which is the angle a t  

the planet between the ear th  and the sun. r ,  A,  and a (used below) 

are expressed in astronomical  u n i ts .  The observed magnitude is also  

dependent on the ro ta t io n a l  phase of  the body and the e a r t h 's  angular  

distance from the e quator ia l  plane i f  the body is not spher ical  or  

i f  i t s  albedo var ies  over i t s  sur face .  The magnitude may a lso be



7

influenced by changes in the p la n e t 's  atmosphere or surface fea tu res .  

Neglecting fo r  the moment any v a r ia t io n s  not dependent on distance  

or so lar  phase angle we have:

m = m ( l , 0 )  + 5 log rA + F(a)

where F(a) is the phase function or the d i f fe r e n c e  between the 

magnitude a t  phase a and the magnitude a t  zero phase angle (here a con 

vent to n a l ly .  def ined zero-phase magnitude may be used ra ther  than 

the actual  magnitude a t  zero phase; see next s e c t io n ) .  The quant i ty  

m ( l , 0 )  depends on the s ize  o f  the body and on i t s  geometric albedo 

(see below);  we w i l l  c a l l  i t  the absolute  magnitude. The symbol m 

in the absolute magnitude may be replaced by any s p e c i f i c  type of  

magnitude; the two arguments in parentheses are intended to ind ica te  

r = A = 1 and a = 0. The symbol m ( l , a )  may be used fo r  magnitudes 

reduced to u n i t  distance  but uncorrected fo r  phase v a r i a t i o n .  For 

outer  planets i t  is convenient to  reduce observations to mean oppo

s i t i o n  distance ( r  = a,  A = a -  1, where a is the semimajor ax is  of  

the p la n e t 's  o r b i t ) ;  the re su l t in g  magnitude, mQ, is not only 

d i r e c t l y  comparable w i th  other  observations reduced in the same 

manner, but gives a rough in d ica t ion  of  the actual  observed magni

tude. Subtract ing F(a)  from mQ gives the mean opposit ion magnitude,

m .o

mQ and m(l,ot) are thus possible  forms in which to  report  i n d i 

vidual  observat ions.  Combining many observations permits a phase 

function to be derived fo r  the o b je c t ,  and a representa t ive  q u a n t i ty ,  

mQ or  m (1 ,0 ) ,  can be obtained. When quoting mQ or m ( l , 0 )  as
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parameters descr ib ing the planet or s a t e l l i t e  in quest ion,  i t  is 

usual ly  understood th a t  ro ta t io n a l  and other  i n t r i n s i c  v a r ia t io n s  

have been corrected f o r ,  to the extent  to  which they are known.

In th is  work the magnitudes given are usual ly  the V magnitudes 

o f  the UBV system. The fo l lowing re la t io n s  apply (neglecting  

ro ta t io n a l  v a r i a t i o n ,  e t c . ) :

V -  5 log rA = V ( l , a )

= V (1 ,0 )  + F(a)

= Mq -  5 log a ( a - l )

= Vq -  5 log a ( a - 1 ) + F(a)  (1)

I f  the phase function is l i n e a r ,  the average Vq fo r  a ser ies  o f

observations is equal to the V that  would be derived from an obser-o

vat ion a t  the phase angle equal to the average phase angle <a> fo r

the observation s e r ie s ,  subject only to  the observationa l  e r ro rs .

Thus i t s  value does not depend on the phase c o e f f i c i e n t  3 (see next

se c t io n ) ;  i f  the phase function is not l i n e a r ,  th is  w i l l  s t i l l  be

approximately true  i f  the range o f  phase angles of  the indiv idual

observations is not too large.  The e r ro r  of  VQ(a = <ot>) may be

estimated as the m.e. of  the mean of the ind iv idua l  V values reducedo

to  phase angle <oi>, using an approximate value fo r  3. I f  the obser

va t iona l  e r ro rs  are comparable to the extent  o f  the v a r i a t io n  with  

phase angle (as is f requent ly  the case fo r  observations reported  

here) the thus estimated m.e. o f  V (a = <a>) is only weakly dependent 

on how good an approximation to 3 was used. Thus Vq (cx = <a>) is 

necessar i ly  b e t te r  determined from a given set o f  observations than
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Vq i s ,  and w i l l  be f re q u e n t ly  used in ch. V I I .

Vq (or V ( 1 , 0 ) )  as a parameter o f  the physical descr ip t ion  of  

a p lanet  or s a t e l l i t e  has a somewhat undesirable property  connected 

with  the phase func t ion:  the shape o f  F(a) near a = 0 is not very

accura te ly  known fo r  most bodies.  The phase function f o r  many 

objects  in the so la r  system, including several  o f  the p r in c ip a l  

planets as wel l  as probably a l l  astero ids  and many of the s a t e l l i t e s ,  

has i t s  g rea tes t  slope and curvature fo r  very small phase angles 

(d isregard ing phase angles > 9 0° ) .  I t  is thus hardly appropr ia te  to  

represent F(a )  by a power ser ies  in a ,  as is f requent ly  done. In a l l  

but the most recent l i t e r a t u r e  (preceding and including H a r r is '  

review (1961))  th is  problem is not f u l l y  apprec ia ted.

B. C h a r a c te r is t ic s  o f  observed phase functions.

For any so lar  system object  outs ide the o r b i t  o f  the Earth the  

range o f  s o la r  phase angles under which i t  may be observed extends 

from zero to  a maximum value which is mainly determined by the semi

major ax is  o f  the o r b i t ;  fo r  example, the maximum phase angle is ^7° 

fo r  Mars, around 30° fo r  most a s te ro id s ,  and 12° or less fo r  the 

Jovian p la ne ts .  Over most o f  th is  range i t  is genera l ly  found tha t  

a l in e a r  fu nct ion  is a c lose  approximation of  F ( a ) ; the slope of  

th is  l i n e a r  function  is c a l le d  the phase c o e f f i c i e n t , 3. For atmos- 

phereless bodies i t s  value  is usual ly  in the range, 0 .02  mag/deg 

to  0 .06  mag/deg. The d ev ia t io n  from l i n e a r i t y  appears fo r  phase 

angles less than about 10° and has the form of  a steep brightness  

surge which a t  a 1° may d i f f e r  by a few tenths of  a magnitude from 

the l i n e a r  function  e x t rapo la te d  to small a.  The presence o f  th is
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so -c a l le d  opposit ion e f f e c t  is g e n e ra l ly  considered in d ic a t iv e  o f  a 

rough surface w i th  i n t r i c a t e  s t r u c tu r e ,  in which the ind iv idua l  

p a r t i c l e s  making up the surface  layer  have strong backscatter ing  

propert ies  and low r e f l e c t i v i t y .  Objects having th is  type o f  phase 

curve and fo r  which good observations over the observable range of  

phase angles are a v a i l a b le  in the l i t e r a t u r e  include the Moon, 

several  a s te ro id s ,  and the r ings o f  Saturn ( e . g . ,  Gehrels e t  a l .

1964; Gehrels 1970; Bobrov 1970; Cook e t  a l .  1973).

Theoret ica l  models o f  surfaces having such phase curves have been 

constructed by several authors (Hapke 1963; I r v in e  1966; Lumme 1971).  

Gehrels (1970) gives a "mean a s te ro id  phase curve" obtained from 

several  wel l -observed asteroids  and issues a plea f o r  the use of  

th is  function  in correc t ing  an observed magnitude fo r  phase (unless 

a more accurate  curve is known fo r  the ob jec t  in ques t ion ) .  His 

phase curve consists o f  a l in e a r  par t  w i th  slope 0 .023  mag/deg and 

a superposed opposi t ion e f f e c t  beginning a t  8° and reaching 0 .40  mag. 

b r ig h te r  than the ext rapola ted  l in e a r  r e la t i o n  a t  0 ° .  He recommends 

a reduction to zero phase wi th  the absolute magnitude defined by the 

l i n e a r  phase fu nct ion  only (thus an actual  observation a t  zero phase 

w i l l  take a p o s i t iv e  c o r r e c t io n ) ;  th is  seems to be a s a t is f a c t o r y  

way o f  reducing in a uniform manner magnitudes of  photometr ica l ly  

a s t e r o i d - l i k e  objects  without necessar i ly  having d e t a i l e d  knowledge 

of  the phase curve a t  very small phase angles.  Because i t  seems 

possible  th a t  the opposit ion  e f f e c t  at  the smal lest  phase angles 

(say,  <1°) may be s trong ly  vary ing from ob ject  to ob jec t  and may
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be much la rger  than indicated by e x t rap o la t io n  from s l i g h t l y  la rger  

values of  a,  a procedure such as th a t  o f  Gehrels is p re fe rab le  to  

one of attempting to  e x t rap o la te  to a = 0 by including the opposit ion  

e f f e c t .

I t  would be d e s i rab le  to have a p h y s ica l ly  reasonable two- or  

three-parameter numerical descr ip t io n  o f  any observed phase function  

of the type discussed. One p o s s i b i l i t y  would be to use the fo l lowing  

two-parameter photometric function:

F(a)  = ga + <j>f(a) (1)

where 3 is the usual ( l i n e a r )  phase c o e f f i c i e n t  and <j> is a fa c to r  

fo r  sca l ing the opposit ion  e f f e c t ,  f ,  in Gehre ls1 as tero id  func t ion .  

Thus 3 = 0.023 mag/deg and <f> = 1 gives Gehrels' fu n c t io n ,  shown in 

Fig.  1.

C, Albedo.

The albedo (or r e f l e c t i v i t y )  o f  a p lanet or s a t e l l i t e  can be 

defined in several  ways (Harr is  1961, de Vaucouleurs 1970).  In th is  

work reference w i l l  be made to  the geometric a lbedo, p. I t  is 

the r a t i o  o f  the amount o f  l i g h t  r e f le c te d  from the body, observed at  

zero phase angle,  to tha t  re f le c te d  from a Lambert d isk (p e r fec t  

d i f f u s e  r e f l e c t o r )  in the plane of  the sky,  o f  the same angular s ize  

as the body, and a t  the same distances from sun and e a r th .  Because 

of the previously  discussed complicat ions w i th  phase functions  at  

very small phase angles ,  the genera l ly  quoted values o f  p f o r  various  

so la r  system objects  r e f e r  to  an e x t ra p o la t io n  from moderately small
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Figure 1. Gehre ls1 standard phase function fo r  astero ids  (curve a ) .  
The opposit ion  e f f e c t  is p lo t ted  separa te ly  as curve b.
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phase angles to a = 0 ,  tak ing only p a r t i a l  account o f  the opposit ion  

e f f e c t ,  p is re la ted  to the absolute  magnitude and the rad ius ,  R, 

of  the body by:

m(1,0)  = m@ -  2 .5  log p -  5 log ( l )

Here m is the magnitude o f  the sun. In p lanetary  photometry the  0

fo l lowing UBV data fo r  the sun are  f re q u e n t ly  adopted (Gehrels e t  a l .  

196A): V = - 2 6 .7 7 ,  B-V = + 0 .6 3 ,  U-B = +0 .1 0 .

D. The r e f l e c t i o n  e f f e c t .

A small f r a c t i o n  of  the l i g h t  received from a s a t e l l i t e  has 

been r e f le c te d  by both the primary and the s a t e l l i t e .  An exhaustive  

th e o re t ic a l  treatment has been given by Schoenberg (1929).  Here 

w i l l  only be shown th a t  the c o n t r ib u t io n  of  t h i s  doubly r e f le c te d  

l i g h t  is not measurable w i th  present photometric techniques fo r  any 

natural  s a t e l l i t e  except the Moon. (The ear thsh lne  is measurable 

because the Moon can be observed a t  near ly  180° so lar  phase angle,  

whi le  the Earth-Moon-observer angle is necessar i ly  close to 0 ° . )

I f  a l l  l i g h t  r e f l e c t io n s  involved (s u n l ig h t  r e f le c te d  by 

s a t e l l i t e ;  sun l ight  r e f le c te d  by primary towards s a t e l l i t e ;  and 

l i g h t  from primary r e f l e c te d  by s a t e l l i t e )  took place a t  zero phase 

angle,  the r a t i o  o f  twice re f le c te d  l i g h t  to  d i r e c t l y  re f l e c te d  

sunl ight  would equal the r a t i o ,  N, o f  the brightness o f  the primary,  

as observed a t  i t s  opposit ion  as seen from the s a t e l l i t e ,  to the  

brightness o f  the sun, seen from the same vantage p o in t .  I f  R<<r,  

where R is the radius o f  the primary and r the dis tance of  the



s a t e l l i t e  from the primary,  the r a t i o  is e a s i l y  shown (using eq. (1) 

o f  the previous section) to be

N = p ( R / r ) 2 (1)

where p is the geometric albedo o f  the primary.  For obvious geo

m etr ica l  reasons a l l  r e f l e c t io n s  can not take place a t  zero phase 

angle,  and the appropr ia te  phase funct ions must be included in the  

s in g ly  and doubly r e f l e c te d  l i g h t  f r a c t io n s .  Let the S u n -s a t e l1i t e -  

observer angle be a ,  the S u n -p r im a ry -s a te l1i t e  angle a 1, and the 

pr im ary -sa te l  1 i t e -o b serv er  angle cxM . Denote the phase function  o f  

the primary by F' and th a t  of  the s a t e l l i t e  by F. Then the r a t i o ,

N1, o f  doubly to s in g ly  r e f le c te d  l i g h t  received by the observer 

becomes

N' = p ( R / r ) 2$ ( a ' ) $ ( a ‘ ' ) /$ (<* )

where

F(a)  = - 2 . 5  log$(a)

and s i m i l a r l y  f o r  $ ' and F ' .  I f  the s ize  o f  the s a t e l l i t e  o r b i t  is 

n e g l ig ib le  compared to the distance to Sun and Earth,  we have

| ct' +  a "  -  180° | ^  a

and since $ and $' decrease w i th  increasing phase angles,

N' £  p ( R / r ) 2$ ' ( a ' ) $ ( l 8 0 °  -  a -  a ' ) / $ ( a  ) (2)max max

where a is the maximum so lar  phase angle observable f o r  the  max r  3

p lanet in quest ion.
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The s a t e l l i t e  o f  any of  the oute r  planets  fo r  which N1 is

expected to be la rges t  is J u p i te r  V, since i t s  R / r  is la rg e r  than

f o r  any other s a t e l l i t e .  The phase functions fo r  i t  and f o r  J u p i te r

are o f  course not wel l  known fo r  phase angles g re a te r  than

a « 1 2 ° ;  fo r  th is  a p p l ic a t io n  i t  w i l l  be assumed tha t  the w e l l -  
max

known phase functions o f  the Moon and Venus (Harr is  1961) may be 

used f o r  J u p i te r  V and J u p i te r .  I t  is found tha t  fo r  a l l  values  

of a 1,

N' <  0.003

in V and less in B and U. To detect th is  e f f e c t  one would thus 

have to  measure J u p i te r  V to an accuracy o f  0T003 or b e t t e r .  In 

view o f  the many approximations ente r ing  in ( 2 ) ,  the e f f e c t  may 

a c t u a l l y  be s u b s t a n t ia l l y  la rg er  than oToOS, but J u p i t e r  V can 

hardly  be measured even to  o’ToS wi th  e x is t in g  photometric equip

ment ( indeed, no photometry has ever been publ ished) .  The s a t e l l i t e  

f o r  which accurate photometry ex is ts  and fo r  which R / r  is l a rg es t  

is lo (J u p i te r  I ) ;  the r e f l e c t i o n  e f f e c t  probably contr ibutes  less 

than o’To01 to i t s  magnitude.

The r e f l e c t i o n  e f f e c t  w i l l  be neglected in the rest o f  th is

work.

E. O rb i ta l  and ro ta t io n a l  phase fo r  a synchronously ro ta t in g  s a t e l l i t e .

For a s a t e l l i t e  known or suspected to ro ta te  synchronously 

one f requent ly  p lo ts  photometric data versus o r b i t a l  phase, 0 ,  which 

could be defined as the angular d is tance (a t  the s a t e l l i t e )  from
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the p ro je c t io n  o f  the ear th  on the s a t e l l i t e ' s  o r b i t a l  plane to the  

primary,  counted in the d i r e c t io n  o f  the o r b i t a l  motion.  However, 

i t  may a lso be considered defined by the formula by which i t  is 

usual ly  c a lcu la ted :

1- "  ^ c r

0 = 360° x - ------------------------------------------------------------------- ( ! )
SCX sc

where t  is the time o f  observation ,  and tg .̂ and tgj. are the times 

of the preceding and fo l lowing super ior  conjunctions w i th  the primary,  

re s p e c t ive ly .  A l t e r n a t i v e l y ,  i f  times o f  eastern  e longat ion  (EE) 

are given in the ephemeris,

t  -  t FF
G = 360° x t---------- p -  + 90° (2)

EE1 '  EE

For a retrograde  s a t e l l i t e  the sign of  the la s t  term w i l l  be negat ive.  

In p r i n c ip l e  one should make al lowance f o r  the f i n i t e  s ize  o f  the  

s a t e l l i t e  o r b i t ;  th is  would add the angular separation from the p r i 

mary to the r ig h t  side o f  ( 2 ) .  The e longat ion times are usual ly  

not given in the ephemeris to an accuracy requ ir ing  a c orrec t ion  fo r  

the o r b i t  s ize  in ( 2 ) ,  but fo r  lapetus the e f f e c t  amounts to  nearly  

1*1 in the time o f  EE or  0?2 in 0 ; i t  is n e g l ig i b l e  fo r  o ther  s a t e l 

l i t e s  fo r  which e longat ion times are given in the AE.

The idea behind p l o t t i n g  magnitude, e t c .  versus 0 i s ,  o f  course,  

tha t  0 i d e n t i f i e s  the face o f  the s a t e l l i t e  observed, i . e . ,  the 

ro ta t io n a l  phase; however, fo r  several reasons the o r b i t a l  phase as 

ca lcu la ted  by (1) or (2) is only an approximation to the ro ta t io n a l  

phase as defined in the next paragraph: 1) the e c c e n t r i c i t y  o f  the
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s a t e l l i t e  o r b i t  makes the actual  o r b i t a l  motion nonuniform; 2) the  

reference d i r e c t io n  (the E ar th -p lan e t  l i n e )  does not ro ta te  uniformly  

in an i n e r t i a l  frame; 3) i f  the reference d i r e c t io n  is not in the 

plane o f  the s a t e l l i t e  equator there  w i l l  be p ro jec t io n  e f fe c ts  

analogous to the o b l i q u i t y  par t  o f  the Equation o f  Time, f a m i l i a r  

from elementary astronomy; and 4) the r o ta t io n  o f  the s a t e l l i t e  may 

not be uniform (physical  l i b r a t i o n ) .  The physical  l i b r a t i o n  of  the  

Moon is extremely small (ampli tude <0?1). The angle between the 

axis  o f  ro ta t io n  and axis o f  the o r b i t ,  i . e .  the o b l i q u i t y ,  is 6?7 

f o r  the Moon. For other  synchronously ro ta t in g  s a t e l l i t e s  i t  is 

probably a lso small but ge n era l ly  not ze ro,  since the ro ta t io n  of  

these s a t e l l i t e s  may be expected to  be governed by analogues of  

Cas s in i 's  laws (Peale 1974).  O b l iq u i ty  and physical l i b r a t i o n  w i l l  

be disregarded in the rest o f  th is  chapter.  I f  the o b l i q u i t y  is 

smal l ,  item 3 above concerns mainly the angular distance o f  the 

Earth from the plane o f  the s a t e l l i t e ' s  o r b i t .  The s a t e l l i t e ' s  

period of  r o ta t io n  is in a l l  cases very much shorte r  than the period  

in which the Earth makes a f u l l  revo lu t ion  in a coordinate  system 

f ix e d  to the s a t e l l i t e  o r b i t  ( the  l a t t e r  period is roughly the period  

o f  revo lu t ion  o f  the p lanet  around the Sun, d i f f e r i n g  from i t  only  

because o f  precession o f  the s a t e l l i t e  o r b i t ) .  There fore ,  the 

p ro jec t ion  e f f e c t  o f  the i n c l in a t io n  on © can be ignored.

The coordinates in a system f ixed  to the so l id  surface of  a 

planet  or s a t e l l i t e  are c a l le d  planetographic  longitude and 

planetographic  l a t i t u d e , and the poles and equator of  the system
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are  defined by the axis o f  r o t a t io n .  The zero meridian of  a 

synchronously ro ta t in g  s a t e l l i t e  w i l l  be defined as the meridian of  

the mean center  o f  the disk  o f  the s a t e l l i t e  as seen from the center  

o f  the primary.  (This d e f i n i t i o n  could run in to  d i f f i c u l t i e s  i f  

the o b l iq u i t y  approaches 90° .  However, i t  is doubtful  whether the  

ro ta t io n  o f  a s a t e l l i t e  wi th  an o b l i q u i t y  o f  90° could be considered 

synchronous.) The ro ta t io n a l  phase, 0 ' ,  is defined as the p laneto 

graphic longitude o f  the center  o f  the apparent geometrical d isk of  

the s a t e l l i t e  (seen from E a r th ) ;  the longitudes are taken to increase  

in such d i r e c t io n  on the surface of  the s a t e l l i t e  tha t  the ro ta t io n a l  

phase increases wi th  time fo r  a d is ta n t  s ta t io n a ry  observer.  For 

objects  observed under large so la r  phase angles i t  would perhaps be 

more appropr iate  to use the center  of  the i 11uminated d i s k , as more 

representa t ive  o f  the parts o f  the object  r e f l e c t i n g  l i g h t  towards 

the observer.  The d i s t i n c t io n  is o f  l i t t l e  p ra c t ic a l  importance fo r  

any object  considered in th is  work because o f  the small phase angles 

involved.  The d i f fe re n c e  in longitude between the center o f  the 

geometrical disk  and the center o f  the i l lum ina te d  disk  ( the l a t t e r  

taken to be the midpoint o f  the symmetry ax is  o f  the i l luminated  

disk) is ,  fo r  zero i n c l in a t io n  of  the equator to  the l i n e  of  s ig h t ,  

e a s i l y  shown to be

C = arcs in ( i  -  i  cos a)

(fl£ a2/ k  i f  a smal1)

where a is the so lar  phase angle.  For J u p i te r  the maximum value of  

the correc t ion  is about 0?6, and f o r  Saturn less than 0?2.



18

Because o f  the e c c e n t r i c i t y  o f  the s a t e l l i t e  o r b i t  the ro ta t io n a l  

phase is not zero a t  superior  conjunction unless the s a t e l l i t e  is 

at  p e r ic e n te r  or apocenter a t  tha t  t ime. Instead,  0 1 is then equal 

to the d i f fe re n c e  between mean and true  anomaly in the s a t e l l i t e  

o r b i t  a t  the time o f  conjunction:

01 sc = Msc " v sc = " 2e s i n  Msc + terms in  e2
and higher

Here M and v are the mean and t rue  anomalies,  e is the e c c e n t r i c i t y ,  

and the subscr ipt  SC re fe rs  to  super ior  conjunct ion.  O 'sq can amount 

to 14° f o r  Hyperion and over 3° fo r  T i ta n  and lapetus.  The need fo r  

a co r rec t io n  would be e l im ina ted  i f  the conjunction times in (1) 

were exchanged fo r  times o f  "mean superior  conjunction" (MSC), 

meaning the time when a f i c t i t i o u s  "mean s a t e l l i t e "  (whose true  

anomaly equals the mean anomaly of  the actual  s a t e l l i t e )  is a t  SC.

I t  is e a s i l y  shown that  to an accuracy ( in  0) o f  the order o f  e2 ,

MSC f a l l s  midway in time between the western elongat ion (WE) preceding  

and the EE fo l low ing  SC ( fo r  retrograde s a t e l l i t e s  reverse WE and 

EE). This provides a quick and easy way to c a lc u la t e  0 f re e  of  the 

e c c e n t r i c i t y  e f f e c t  fo r  s a t e l l i t e s  fo r  which a l l  elongations are  

given in the ephemeris.

To eva luate  the e f f e c t  mentioned under 2) above, we f i r s t  note  

th a t  the ro ta t io n a l  phase of  the s a t e l l i t e  as seen from the Sun is 

uniform to a very good approximation because the p la n e t 's  revo lu t ion  

period is longer than tha t  o f  the s a t e l l i t e  by a t  least two orders  

of magnitude in a l l  cases of  in t e r e s t .  Cal l  the ro ta t io n a l  phase



(or o r b i t a l  phase corrected fo r  e c c e n t r i c i t y )  as seen from the Sun 

0g. Also l e t  the p ro je c t io n  o f  the so la r  phase angle on the plane 

o f  the s a t e l l i t e  o r b i t  be y.  y is negat ive  before and p o s i t iv e  a f t e r  

opposi t ion .  Because of the general  ne a r -co p la n a r i ty  in the so lar  

system, y is numerica l ly  p r a c t i c a l l y  equal to a except near opposit ion.  

I t  is e a s i l y  seen tha t  the ro ta t io n a l  or o r b i t a l  ( e c c e n t r i c i t y  e f f e c t  

e l im ina ted )  phase of  the s a t e l l i t e  seen from Earth is

0 = 0g ± y (3)

where the negative sign applies  to retrograde  s a t e l l i t e s .  The

e r r o r  made in l in e a r  in te r p o la t io n  o f  0 with  time as argument, such

as is in fa c t  done in eq. ( l ) ,  is proport ional  to  ^ -2 -=  ± For
d t 2 d t 2

an outer  planet one can to f i r s t  approximation set the projected phase

angle y = — sin(A -  A ) ,  where A and A are the h e l io c e n t r i c  long i -  3 7 r o p ’ o P

tudes o f  Earth and p lanet and r is the p la n e t 's  distance  from the Sun 

in AU. From Taylor  expansion o f  (3) one then f inds that  the e r ro r  

(from th is  cause) made in using (1) to f ind  the o r b i t a l  phase is at  

most

A0max *  < d T  -  d t ^  -  0?002 7 -

where P is the period of  revo lu t ion  o f  the s a t e l l i t e  ( i . e . ,  t^ .̂ -  t^ .̂

in ( l ) ) .  The e r ro r  can amount t o ’ 1?3 fo r  lapetus,  0?1 fo r  C a l l i s t o  

and Hyperion,  and less fo r  a l l  o ther  s a t e l l i t e s  l i k e l y  to be in 

synchronous ro ta t io n .

The AE gives mean o r b i t a l  longitudes,  L, a t  5^ in te rv a ls  fo r  

Saturn 's  s a t e l l i t e s ;  these combined wi th  the geocentr ic  longitude U
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of Saturn referred to the ringplane (given in the AE ephemeris for  

the rings of Saturn),  are the simplest as well as most accurate 

means of obtaining 0' fo r  these s a t e l l i t e s .  For the f i r s t  seven 

(Mimas through Hyperion) the orb i ta l  inc l inat ion  to the plane of the 

rings is small,  and the rotat ional phase is given to good approxima

tion by

0' = L -  U .

Because the tabulated L is uncorrected for  l ight t ime i t  must be 

obtained from the table with the time of observation minus the 

l ightt ime as argument. For lapetus the o rb i t  is inclined appreciably  

to the ringplane and a correction for  projection ef fects  must be 

applied:

0' = L -  U + 60

where 60 is defined by

tan(U-ri~60) = cos y tan(U-n) ~ tan B sin y sec(U-n)
and | 60 | < 9 0 °  . W

y  is the o rb i t  inc l ina t ion ,  B is the saturn icentr ic  la t i tude  of the 

Earth, and n is the longitude of the ascending node of the o r b i t .

Y, B, and n are given in the AE (n is ca l led 0 there ) .  The same 

formula can be used for other Saturn s a t e l l i t e s  i f  high accuracy is 

desired. Approximate expressions for  60 are eas i ly  derived from (A).

In addit ion to the rotat ional phase i t  is also of in terest  to 

know the la t i tude  (planetographic),  <f>, of the sub-earth point on the 

s a t e l l i t e .  For s a t e l l i t e s  of  the outermost planets <|> varies slowly
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and can be considered constant during one observing season. An

approximate value can be obtained from the shape o f  the apparent

o r b i t  e l l i p s e  o f  the s a t e l l i t e  from the AE:

. | , i  minor ax is  o f  app. o r b i tSind)  =  :---------- :------ 3=----“ ■--------r r r1 1  major axis  o f  app. o r b i t

The sign of  <() is given by the apparent sense o f  revo lu t ion  of  the  

s a t e l l i t e .  For the G a l i lea n  s a t e l l i t e s  o f  J u p i t e r ,  <|> &  (from the  

physical  ephemeris o f  J u p i t e r ) ,  and f o r  the inner s a t e l l i t e s  o f  

Saturn <|>«&B (from the r ing ephemeris) . For lapetus

sin<{) » sin B cos y + cos B sin y s in (U-n)

where B, y ,  and n are def ined above.

Much of  the mater ia l  in th is  section can be modified to apply 

to  a l l  s a t e l l i t e s ,  not only synchronously ro ta t in g  ones. For the  

case of  general ro ta t io n  there is of  course no connection between 

o r b i t a l  and r o ta t io n a l  phase; the planetographic longitude must be 

defined in some other  way than fo r  the synchronous case.

F. Correct ion o f  magnitude and phase angle fo r  f i n i t e  s ize  of  

s a t e l 1i t e  o r b i t .

The s a t e l l i t e  o r b i t  is in most cases so small compared w i th  the 

distance to the Sun tha t  the reduction to Vq can be done using d i s 

tances of  the primary from Sun and Earth as taken d i r e c t l y  from the  

AE. Likewise,  the so la r  phase angle fo r  the s a t e l l i t e  can usual ly  

be considered the same as tha t  o f  the p lanet .  For some s a t e l l i t e s  

t re a ted  here the d i f fe ren ces  in magnitude correc t ion  and phase angle
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between s a t e l l i t e  and primary can exceed one u n i t  in the la s t  decimal

oTl and 0°2  f o r  J u p i t e r  V I ,  V I I ,  and X, and 0°5  fo r  the outermost 

four  J u p i te r  s a t e l l i t e s ,  and 0?02 fo r  lapetus,  and oToS and 0?1

fo r  Phoebe. The fo l low ing  approximate c orrec t ion  formulae have 

been derived:

p is the distance of  the s a t e l l i t e  from the primary,  r and A are  

the pr imary 's  distances from Sun and Ear th ,  0 is the o r b i t a l  phase 

o f  the s a t e l l i t e  (lower signs apply to retrograde  s a t e l l i t e s ) ,  and 

X denotes h e l io c e n t r i c  longitude .  Subscripts s,  p, and o r e f e r  to  

s a t e l l i t e ,  primary,  and Ear th ,  re s p e c t iv e ly .  The phase angle a is 

to be taken w i th  p o s i t iv e  sign a f t e r  and w i th  negative sign before  

opposi t ion.  In (2) rA/p must be expressed in AU. The formulae  

neglect the o r b i t a l  i n c l in a t io n  o f  the s a t e l l i t e  o r b i t s ;  the approxi 

mations p<<r and r>>1 are impl ied .  In p ra c t ic e ,  the corrections  

ca lc u la ted  by (1) and (2) are probably good to  a few per cent.

G. Sources of  data fo r  magnitude reductions.

Most o f  the ephemeris data needed f o r  reduction o f  observed 

magnitudes to  standard dis tance and phase angle may be taken d i r e c t l y  

from the AE. In recent volumes o f  the AE, A is given d a i ly  f o r  the

usual ly  quoted (oTo1 and 0?01).  The maximum d i f fe ren ce s  are  about

(V -V) -  (V -V)  = -  cos (±0 + -=?-)v o s o p r+A 2 ( 1)

(2)
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major planets  (4s* in te rv a l  f o r  P l u t o ) ,  and r is given a t  10^ in te rva ls  

fo r  J u p i te r  and Saturn and a t  40s* in te rv a ls  f o r  the three outermost 

planets .  Ephemerides f o r  Plu to  were not given in the AE before 1950; 

the reduction o f  o lde r  P luto  observations were made using the h e l io 

c e n t r ic  rectangular  coordinates in Eckert e t  a l .  (1951).  The 

tabula ted r and A are geometric distances a t  the tabu la r  t imes,  thus 

not the dis tance t rave led  by the l i g h t  measured in the photometric  

observations .  However, the e r r o r  in the reduced magnitude introduced  

by th is  p lanetary  aberra t ion  e f f e c t  is always less than oTool fo r  

a l l  p lanets .

The s o la r  phase angle is given in the AE (the  symbol i is used 

instead o f  a) fo r  J u p i te r  and Saturn a t  4^ in te rv a ls  ( in  the  

Physical  Ephemerides s e c t io n ) ;  fo r  Saturn i t  has only been so given  

since I960.  For the other  outer  planets a has been ca lcu la ted  from 

the h e l io c e n t r i c  and geocentr ic  ephemerides; fo r  Pluto before 1950 

the tables  o f  Eckert e t  a l .  (1951) were employed. For Saturn before  

I960 the r ing ephemeris (which includes s a t u r n ic e n t r i c  longitudes  

and la t i tu d e s  o f  Sun and Earth)  is convenient fo r  c a lc u la t in g  a.

Reduction to mean opposit ion  requires the mean d is tance  a of  

the p lanet from the Sun. The a 's  adopted in th is  thesis are:

J u p i te r  5.203 AU, Saturn 9 .5 4 ,  Uranus 19.22,  Neptune 30.06 and 

Pluto  39*5.  The corresponding values o f  the f re q u en t ly  used q u a n t i ty ,  

5 log a ( a - 1 )  = \IQ -  V ( 1 , 0 ) ,  are:  J u p i te r  6l170,  Saturn 9™555, Uranus

I 2T72, Neptune 14T71, and Plu to  15?91.
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I I I .  ROTATION OF SATELLITES: SOME THEORETICAL CONSIDERATIONS

In te r e s t  in p lanetary  ro ta t io n  and i t s  evo lu t ion  by t id a l  

energy d is s ip a t io n  has i n t e n s i f i e d  fo l low ing  the establ ishment o f  

the ro ta t io n  periods o f  Mercury and Venus by radar techniques in 

the e a r ly  19601s . An e x c e l le n t  review ( in  s p i te  of  a number of  

mispr in ts)  is tha t  o f  Goldreich and Peale (1968).  The formalism 

developed there and by Goldreich and Soter (1966) w i l l  be used in 

the fo l low ing  to  make est imates of  the ra te  o f  despinning o f  s a t e l 

l i t e s .  Such estimates w i l l  give  a rough idea of  whether a p a r t i c u l a r  

body has had i t s  spin apprec iably  changed by t i d a l  e f f e c t s  during  

the age o f  the so la r  system or whether i t  may be expected to  re ta in  

e s s e n t i a l l y  the spin ra te  acquired during i t s  format ion.

The e f f e c t  o f  t i d a l  f r i c t i o n  on the evo lu t ion  of  the ro ta t io n  

of the Earth and the o r b i t  of  the Moon was developed in a c la s s ic a l  

ser ies of  papers by Darwin (1908);  several more recent c a lc u la t io n s  

fo l lo w  in p r i n c ip l e  Darwin's method (Kaula 196A, Goldreich 1966a).  

Since we are here concerned w i th  the changes in the r o ta t io n  o f  a 

s a t e l l i t e  because o f  the t ides  raised on i t  by i t s  primary,  we w i l l  

in the fo l low ing  c a l l  the d is tu rb ing  body the "p lanet"  and the body 

on which the t ides  studied are ra ised ,  the " s a t e l l i t e . "

The discussion w i l l  be r e s t r i c t e d  to approximately spherical  

bodies even though many of the smal ler s a t e l l i t e s  almost c e r t a i n l y
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dev ia te  s t rong ly  from spherical  shape. The smallest  (and thus most 

l i k e l y  nonspher ical) s a t e l l i t e s  o r b i t i n g  Jovian planets are the 

outermost s a t e l l i t e s  o f  J u p i te r  and Saturn,  and i t  w i l l  be seen that  

f o r  the spher ical  case these s a t e l l i t e s  are being t i d a l l y  despun so 

slowly tha t  the age of  the so lar  system is ,  by several orders of  

magnitude, i n s u f f i c i e n t  time to a f f e c t  t h e i r  ro ta t io n  apprec iably .

I t  appears l i k e l y  tha t  th is  conclusion w i l l  s t i l l  hold i f  t h e i r  

shape is taken in to  account.

The p la n e t ,  o f  mass M, raises a t i d e  on the s a t e l l i t e ,  and 

the deformation of  the s a t e l l i t e  gives r is e  to a d is tu rb ing  p o te n t ia l  

in add i t ion  to the one causing the o r ig in a l  t i d a l  deformation.  I f  

in te rn a l  f r i c t i o n  ( imperfect  e l a s t i c i t y )  is present in the s a t e l l i t e ,  

then there  w i l l  be a time lag between v a r ia t io n s  in the o r ig in a l  

t i d e - r a i s i n g  p o te n t ia l  and in the secondary p o t e n t i a l ;  and i f  the  

s a t e l l i t e  ro ta tes  wi th  respect to the radius vector  there w i l l  thus 

a lso  be a geometric lag.  In other  words, the t i d e - r a i s i n g  body w i l l  

be asymmetrical ly located in the secondary p o t e n t i a l ,  and a net 

torque w i 11 r e s u l t .

In the Darwinian treatment (e .g .  Kaula 1964), the t i d a l  

p o te n t ia ls  are  expressed in terms of spherica l  harmonics, e . g . ,  

f o r  the t i d e - r a i s i n g  p o te n t ia l  U:

U = E ( £ ) *  P (cos S) 
r  1=2 r  *

where p is the distance from the center  o f  the s a t e l l i t e  to  the f i e l d  

point considered; r is the distance  of  the planet from the s a t e l l i t e ;
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S Is the angle between the radius vectors  o f  the f i e l d  po int  and

the p lanet ;  P is the Legendre polynomial  o f  order £; and G is the
£

constant o f  g r a v i t a t i o n .  The p o t e n t i a l ,  U ' ,  caused by the t i d a l  

deformation i t s e l f  is o f  the form

k. R2<1+1
r .1=2 1 p*+ir» 1

where R is the radius o f  the s a t e l l i t e ;  k^'S a constant ( the p o te n t ia l  

Love number) depending on e l a s t i c  p roper t ies  o f  the s a t e l l i t e ;  and 

Y represents a combination of  sur face  spher ica l  harmonics of  order I
X*

( a c t u a l l y ,  P^(cos S) displaced by the geometric lag a n g le ) .  Actual  

numerical c a lc u la t io n s  in the references mentioned have been 

r e s t r i c t e d  to  the terms o f  lowest order (&=2); f o r  the present  

s i t u a t io n  in the Earth-Moon system t h i s  is probably adequate,  and
D

as — ( r a t i o  o f  the radius o f  the body whose t id es  are considered to  

the distance to the t i d e - r a i s i n g  body) is smal ler  by a f a c to r  o f  at  

least 3 fo r  a l l  s a t e l l i t e s  in the so la r  system than i t  is fo r  the  

Earth,  i t  is probably safe to c la im  th a t  the terms o f  higher order  

than Jl=2 have been unimportant f o r  the evo lu t ion  of  the ro ta t io n  of  

a l l  s a t e l l i t e s .  (For the Earth during e a r l i e r  stages of  i t s  h is to r y ,  

and perhaps fo r  some other  p la n e ts ,  th is  may not be t r u e ) .  Considering,  

then,  only the terms o f  order  2 ,  one obta ins (Goldreich and Peale  

1968) fo r  the component T along the s a t e l l i t e ' s  ro ta t io n a l  ax is  of  

the time-averaged t i d a l  torque ac t ing  on the s a t e l l i t e :
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T =
2Gk„M2R52

( 1 )mpq

where

sgn empq = sgn (n(2-2p + q) -  mu); (2)

a is the semimajor axis o f  the s a t e l l i t e  o r b i t ;  n is the mean 

motion in the s a t e l l i t e  o r b i t ;  and w is the angular spin v e lo c i t y

The F and G of lowest orders are l i s t e d  by Kaula (196*0 and mp pq

Goldreich and P e a le ( l 9 6 8 ) ;  in the l a t t e r  reference the l i s t s  conta in  

a few m ispr in ts .  Because of  the o b l i q u i t y  i and the e c c e n t r i c i t y  e 

the t ides  are best expressed as a sum of Four ier component t i d e s ,  

each charac te r ized  by a set o f  integers m,p,q.  The phase lag of  

the (m,p,q) t i d a l  component is denoted empq*

The o b l i q u i t y  i is not known accura te ly  fo r  any s a t e l l i t e  except  

the Moon. I t  seems reasonable,  however, to assume th a t  i t  is small  

fo r  a l l  s a t e l l i t e s  which are a f fec ted  s trongly  by t i d a l  a c t io n .  

S et t ing  i = 0 makes the o b l iq u i t y  polynomials Fmp w ith  m = 1 equal 

to zero .  Furthermore,  F2 1 (0) and F2 2 (0) are both equal to  zero ,  

so th a t  we are l e f t  only wi th  the terms containing F2Q( 0 ) ,  the  

numerical value o f  which is equal to 3- Eq. (1) then reduces to

of  the s a t e l l i t e .   ̂ ( i )  are  t r igonometr ic  polynomials in the

o b l i q u i t y  i (angle between s a t e l l i t e ' s  equator ia l  and o r b i t a l  

planes ) ,  and Gpp(e) are power ser ies in the o r b i t a l  e c c e n t r i c i t y  e.

3Gk2M2R5
Z (G ( e ) ) 2si
q

(3)s i n  e 20q2a6
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and

sgn e2Qq = sgn (n -  u + ^p-) • (*0

I f  the e c c e n t r i c i t y  is smal l ,  the Ggq with  q ^ 0 are  n e g l ig ib le ;  

and Gqo( 0) = 1. We f in d  th a t  i f  i and e are smal l ,  and n#co (e 

vanishes i f  n=oi and p=q=0), then the dominant t i d a l  component is 

( l ,m , p ,q )  = ( 2 , 2 , 0 , 0 )  which is the f a m i l i a r  semidiurnal  t i d e .

The phase lag e is re la ted  to the d is s ip a t io n  fa c to r  Q by mpq r  7

the r e la t i o n  1/Q = | tan empq I » provided Q »1  (MacDonald 196*0- 

0 is defined as 2irE/AE, where E is the maximum energy stored in 

the t i d a l  deformation (or ,  in genera l ,  the peak energy in an 

o s c i l l a t i n g  system) and AE is the energy d iss ipated  during one 

cyc le .  Thus a large Q is c h a r a c t e r i s t i c  o f  a weakly damped o s c i l 

l a t o r  or a r e l a t i v e l y  nondissipative  medium. Goldreich and Soter  

(1966) examined o r b i t s  and ro ta t io n a l  rates o f  bodies in the so lar  

system f o r  the purpose of making estimates o f  or s e t t in g  l im i t s  

to  the e f f e c t i v e  Q fo r  t ides  in these bodies.  The Jovian planets  

have enormous Q values ,  probably > 10*4; other  bodies probably have 

Q's in the range 10 to  103. Experimental  determinations o f  Q 

involve in general  much higher frequencies than the t ides  

(Knopoff 196*0, and in any case a value determined f o r  a homogeneous 

substance is not necessar i ly  a p p l ic a b le  to a large body w i th  compli

cated (and g e n e ra l ly  unknown) in te rn a l  s t ru c tu re  such as a p la n e t .

In the case o f  the Ear th ,  a v a r i e t y  of  methods give  Q's ranging 

from 10 to  *»0 f o r  the energy d is s ip a t io n  a t  t i d a l  frequencies.  

U n fo r tu n a te ly ,  i t  is s t i l l  unclear  where p re c is e ly  in the Earth
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most o f  the d is s ip a t io n  takes p lace .  Among the p r in c ip a l  suspects 

are the shal low par ts  o f  the oceans, the in te r fa ces  between various  

layers in the Earth or between crusta l  blocks,  and in the body of  

the mantle (Kaula 1968, p. 199).  While the oceans are usual ly

thought to be the main energy s inks ,  d is s ip a t io n  in the so l id  parts

of the Earth could be more important i f  Q. depends in c e r ta in  ways 

on the frequency and/or  s t r a in  amplitude.  The dependence of  Q, on 

frequency or amplitude is v i r t u a l l y  unknown fo r  low frequencies,  

which is unfor tunate  because the evolut ion  o f  a p l a n e t - s a t e l l i t e  

system may d i f f e r  d r a s t i c a l l y  among models w i th  d i f f e r e n t  frequency 

or amplitude dependences o f  the d is s ip a t io n  fa c t o r .  Laboratory  

experiments (a t  acoust ic  frequencies) in d ica te  th a t  Q, is independent 

of frequency f o r  s o l id s ,  but Q « ( f requenc y)"1 f o r  l iqu ids  (Knopoff 

196A). Greenberg (1973) has pointed out th a t  the pa irs  of  resonant  

s a t e l l i t e  o r b i t s  in the Saturn system provide some constra in ts  on 

the dependence o f  frequency and amplitude of  Saturn 's  t i d a l  Q..

The Love numbers are dimensionless constants descr ib ing the  

response o f  a body to  d is tu rb in g  p o te n t ia ls  (Munk and MacDonald I9 6 0 ) .  

Of in t e r e s t  here is the p o te n t ia l  Love number o f  order 2,  ca l led  

k2> . For a homogeneous sphere o f  radius R, densi ty  p, surface

g r a v i ty  g, and r i g i d i t y  y ,  i t  is

k2 = |  (1 + 19y/2gpR)_ l . (5)

For a small body, where r i g i d i t y  o f  the m ater ia l  completely dominates 

over s e l f - g r a v i t a t i o n  in determining the degree o f  s p h e r ic i t y ,  k2 

w i l l  be sm al l ,  w h i le  fo r  a very large p lanet  and fo r  f l u i d  (y=0)
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spheres k2 w i l l  approach a maximum value o f  y .  The t i d a l  Love 

number fo r  the Earth is found to be about 0 .3  by a v a r i e t y  of  

methods; fo r  other  planets  and s a t e l l i t e s  i t  must be ca lcu la ted

using an assumed value fo r  y.

Now consider a s a t e l l i t e  w i th  radius R, mass m, and spin ra te

I ts  (s ca la r )  r o ta t io n a l  angular momentum is H = cmR2u), where c 

depends on the density  d i s t r i b u t i o n  in the body. The constant c 

can be determined from observations of  precession of  the axis o f  

r o t a t io n ,  or may be ca lcu la ted  from models o f  the i n t e r i o r  o f  the  

body. I f  the ro ta t io n  only changes because of  t i d a l  e f f e c t s ,  the 

time d e r iv a t i v e  of  H is simply the previously  der ived torque T.

The moment o f  i n e r t i a ,  C = cmR2 , may be regarded as constant ,  so 

we have

T = cmR2o)

2
For a homogeneous sphere,  c = —; even fo r  the Ear th ,  f o r  which the

centra l  densi ty  is about twice themean d e n s i ty ,  the value of  c is

0 .3 3 ,  i . e .  not much less than fo r  the homogeneous case. For any
2

s a t e l l i t e  in the so lar  system c may th e re fo re  be set equal to — 

with  an e r r o r  u n l i k e ly  to be as large as 10%. Next,  T from eq. (3) 

w i l l  be subst i tu ted  in ( 6 ) ,  r e ta in in g  only the q = 0 term from the  

Sum in ( 3 ) .  The re s u l t  is

3Gk2M2R5 2
---------------  s in  e  = r  mR2J)

2a6 5

where the subscripts  o f  the phase lag angle have been dropped. As
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Q »1  and 1 /Q. = | t a n e | ,  e is a small angle and 1/Q, = |s in  e| is a 

good approximation.  Thus

15Gk„M2R3
| i |  i --------

4ma6Q. (8)

In ta b le  I  are c o l le c ted  mechanical data f o r  a l l  s a t e l l i t e s  of  the  

so lar  system (except fo r  some of  J u p i t e r ' s  outer  s a t e l l i t e s  fo r  

which no accurate physical  data are a v a i l a b l e  and fo r  the o rb i ts  

o f  which JVI and J V I I I  are re p re s e n ta t iv e ) .  Observat ional ly  determined  

r a d i i  and masses are taken from recent review a r t i c l e s  (Morrison 

and Cruikshank 1974, Kovalevsky 1970, Do l l fus  1970). The mass of  

T i t a n i a  has been determined by Dunham (1971) ,  and the masses and 

de n s i t ie s  o f  the four large  s a t e l l i t e s  o f  J u p i te r  are pre l im inary  

re su l ts  o f  the Pioneer 10 mission (Anderson, quoted by Gehrels 1974).  

The u n c e r ta in t ie s  in the d i r e c t l y  determined ra d i i  range from very  

small (Moon, lo ,  Ganymede) to  about k0% ( T r i t o n ) .  The m a jor i ty  

of  the observational  masses are good to  several  per cent ,  but may 

be wrong by a fa c to r  o f  two or more f o r  Rhea, lapetus,  and T i t a n i a .

For s a t e l l i t e s  without d i r e c t l y  determined r a d i i ,  a radius was 

ca lcu la ted  from the V magnitude ( th is  t h e s is ,  where a pp l ica b le ;  

otherwise Harr is  (1961) )  and an assumed v isual  geometric albedo p.

The l a t t e r  is given in the ta b le .  Where no mass determination was 

a v a i l a b le  the mass was estimated using the radius and an assumed 

densi ty  p,  a lso given in the ta b le .  The assumed albedoes and 

d e n s i t ie s  are  necessar i ly  ra ther  a r b i t r a r y  and no d e ta i le d  j u s t i f i 

cat ion  w i l l  be o f fe re d  f o r  the values chosen. For JVI and Phoebe
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the very low p appl ies to Ceres,  an as tero id  s im i la r  in co lor  to  

the two s a t e l 1i t e s .

The est imate  o f  the Love number k2 u t i l i z e s  the assumed value  

o f  the r i g i d i t y  y given in the ta b le  fo r  each s a t e l l i t e .  The value  

y = lOxlO^dyn cm"2 fo r  several o f  the smal lest  s a t e l l i t e s  is 

ty p ic a l  o f  the r i g i d i t y  in the e a r t h 's  mantle,  and the now a v a i la b le  

seismic v e l o c i t y  data from the Moon (Lammlein e t  a l .  197^) ind icate  

th a t  t h i s  r i g i d i t y  is a lso representa t ive  fo r  the outer  layers of  

the Moon; i t  seems a reasonable guess fo r  bodies tha t  may be of  

a s te ro id a l  o r i g i n .  The smal ler  value used fo r  other  s a t e l l i t e s ,  

0 .3 x 1 0 i:Ldyn cm"2 , is c h a r a c t e r i s t i c  o f  ice (Goldreich and Soter 1966) 

and should be appropr iate  f o r  medium-sized s a t e l l i t e s  according to  

the models o f  Lewis (1971).  For the la rger  s a t e l l i t e s  of  the outer  

p la n ets ,  much of  the bulk o f  the body w i l l  be l iq u id  (consist ing  

of ammonia-rich w a te r ) ;  fo r  such a s a t e l l i t e  the e f f e c t i v e  r i g i d i t y  

must be much less than the above-mentioned value,  and may be prac

t i c a l l y  zero i f  the so l id  crust is very t h i n .  However, th is  s i t u a t io n  

occurs only fo r  s a t e l l i t e s  which would have a r e l a t i v e l y  large  

value fo r  k^ anyway, &  0 .2 ,  so making y = 0 would change the Love 

number by less than a f a c to r  o f  ten.

For est imates of  the t i d a l  torque on despinning s a t e l l i t e s ,  

the g re a tes t  source of  uncer ta in ty  may be 0. In ta b le  I  the value  

Q = 100 has been adopted throughout, and is probably w i th in  one 

order o f  magnitude of  the c orrec t  value fo r  a l l  bodies that  are  

s o l id  throughout.  For a pure ly  l iq u id  s a t e l l i t e  Q w i l l  depend on 

the v is c o s i t y  of  the l iq u id  and w i l l  be extremely large  i f  the



Table I .

S a t e l l i t e  data for  t id a l  despinning.

S a t e l 1i te Distance from 

planet (103km)

Radius

(km)

Mass

( I 0 21tg)
k2 Spi n-down 

time scale

(yr)

-
dens i ty  

(g cm- 3 )

geom.

albedo

\
r ig  idi  ty  

( I 0 n cgs)

Moon 384 1738 74 0.015 10 2x10®

Phobos 9 .4 12 2x10"5 6x10“ 6 3.0 10 1x105
Deimos 23.5 6 3x10-6 1x10-6 3.0 10 1x108

J u p i te r  V 181 160 0.05 0.0001 3.0 0.07 10 3000
1 o 422 1829 89 0 .4 3.48 0 .3 130
Europa 671 1550 48 0.3 3.07 0.3 3000
Ganymede 1071 2635 148 0.3 1.94 0 .3 3x104
C a l l ! s t o 1884 2500 108 0 .2 1.65 0 .3 1x106
Jupi t e r  VI 11 500 60 0.003 1x10"5 3.0 0.07 10 1x1015
Ju p i te r  V I I I 23 500 15 5 x 1 0 '5 1x10~6 3.0 0.07 10 5x1017a

Janus 160 140 0.01 0.0003 1.0 0 .60 0.3 2000
Mimas 186 260 0.037 0.0003 0.60 0 .3 3000
Enceladus 238 340 0.085 0.0005 0.60 0 .3 7000
Tethys 295 600 0.63 0.002 0.60 0 .3 6000
Dione 378 575 1.16 0.01 0 .3 1x10^
Rhea 528 800 1.5 0.005 0.3 1x105
Ti tan 1223 ■2500 140 0 .3 0 .3 7x105
Hyperion 1484 200 0 .04 0.0006 1.0 0.15 0 .3 6x108
lapetus 3563 900 1.5 0.003 0 .3 1x1010
Phoebe 12 950 100 0.014 4x10-5 3.0 0.07 10 1x1016

continued



Table I  (cont 'd)

S a t e l 1i te Distance from 

planet ( I 0 3km)

Radi us 

(km)

Mass

( i o 2 C )

k
2 dens i ty  

(g cm"3)

-Assumed
geom.

albedo

.......—
r i g i d i t y

( I 0 n cgs)

Spi n-down 
t ime sea l<

(yr)

Mi randa 130 300 0.3 0.01 2 .6 0.15 0 .3 2000
A r ie l 192 780 5 0.06 2 .6 0.15 0 .3 3000
Umbriel 267 520 1.5 0.03 2 .6 0.15 0 .3 5x10**
T i t a n ia 439 940 9 0.08 0.15 0 .3 3x105
Oberon 569 860 7 0 .07 2 .6 0.15 0 .3 2x106

Tr i  ton 354 1880 140 0.7 0 .3 1x10*+
Nereid 5510 270 0 .2 0.01 3.0 0.15 0 .3 1x10n a

Masses o f  the planets:  Earth 6 .0  x 1027g
Mars 0 .65  "
J u p i te r  1900 11
Saturn 570 11
Uranus 87 "
Neptune 103 11

C o r r e c t i o n  fo r  o r b i t a l  e c c e n t r i c i t y  appl ied;  see te x t .
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v is c o s i ty  is o f  the order o f  tha t  o f  water.  For a Lewis-type body 

with  a th in  (a few km) crust of  so l id  ice ,  some d is s ip a t io n  must 

take place in the crust or a t  i t s  in te r fa ce  with  the l iq u id  mantle,  

but Q, w i l l  be d i f f i c u l t  to  est imate  fo r  such a case.

The ra te  o f  despinning fo r  each s a t e l l i t e  was ca lcu la ted  by 

eq. ( 8 ) ;  fo r  the s a t e l l i t e s  w i th  very large o r b i t a l  e c c e n t r i c i t y  

( J V I I I  and Nereid)  the t i d a l  terms wi th  q 4 0 have been included.

The fa c to r  £(G_ ( e ) ) 2 , w i th  which to from (8) was m u l t ip l ie d  fo r
q q

these s a t e l l i t e s ,  amountito ss#3 fo r  J V I I I  and 120 fo r  Nereid;  fo r  

the other  s a t e l l i t e s  i t  d i f f e r s  by at  most 30% from u n i ty .  The 

t ime scale fo r  despinning a s a t e l l i t e  to i t s  f i n a l  spin s t a t e ,  

usually  synchroneity w i th  the o r b i t a l  mean motion, from i t s  primordial  

ra te  may be estimated by d iv id in g  an est imate of  the o r ig in a l  spin 

ra te  by oo. For the o r ig in a l  spin the value to = 2x10-tts_l was adopted 

fo r  the purposes o f  t a b le  I .  This corresponds to a ro ta t io n  period  

o f  9 which is w i th in  a f a c to r  o f  about three of  a l l  ro ta t ion  

periods o f  planets and asteroids  which are not thought to  have had 

t h e i r  spin g r e a t ly  modif ied since the e a r l y  h is to ry  o f  the so lar  

system.

When comparing the spin-down time scales wi th  each other  and 

with  the age of  the so la r  system, i t  must be kept in mind that  

because o f  the numerous and very large u n c er ta in t ie s  involved the  

spin-down rates are only order-of -magnitude est imates ,  although the 

resu l ts  o f  the c a lc u la t io n s  are given in the tab le  to o n e -d ig i t  

accuracy.  For a s a t e l l i t e  without o bserva t iona l ly  determined 

radius or mass, the dependence of the spin-down ra te  on the q u a n t i t i e s
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for  which only guesses are a va i lab le ,  is:

oi « p /pp2Q . (9)

Also, the assumptions made (zero ob l iq u i ty ;  spherical shape; only 

the pr incipal  t ida l  term included) may have a large e f fe c t  on the 

results .  P a r t icu la r ly  for the small s a t e l l i t e s  th e i r  nonsphericity 

must a f fe c t  the t ida l  spin-down strongly.  No attempt to evaluate  

th is  e f fe c t  w i l l  be made here; however, nonsphericity is of great  

interest  in connection with sp in -orb i t  resonances, which w i l l  be 

considered below. F in a l ly ,  the t id a l  evolution of the s a t e l l i t e  

o rb i t  means that the present-day o rb i t  could be quite  d i f fe re n t  

from the o rb i t  when the s a t e l l i t e ' s  spin was most strongly af fected  

by t ides.  The influence of the o rb i ta l  evolution on the spin h istory  

is not considered here but may have been important for some s a t e l 

l i t e s .

For s a t e l l i t e s  whose mean o rb i ta l  motion is much slower than 

the o r ig ina l  spin ra te ,  the time scale given in table  I  w i l l  be a 

sat is factory  estimate of the time actua l ly  required for the body to 

reach synchronous rota t ion ,  jrf the spin-down is uniform. The d is 

coveries of the remarkable rotat ion rates of Mercury and Venus 

showed that the order ly progress towards synchroneity may well  be 

thwarted by various circumstances, leading to non-synchronous 

f in a l  spin states. Peale and Gold (1965) showed that  for  certa in  

models for  t id a l  f r i c t i o n ,  the t ida l  torque averaged over the o rb i t  

wi l l  be zero for  a value of the rotation rate between the o rb i ta l
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mean motion and the p e r ic e n te r  motion, i f  the o r b i t  is n o n -c i rc u la r .  

For instance,  i f  Q. « ( f requency) -1 such a r o ta t io n  ra te  (> the 

mean motion) e x is ts  whenever the o r b i t a l  e c c e n t r i c i t y  is ^ 0 .  I f  Q. 

is independent o f  frequency the e c c e n t r i c i t y  must be ia rger  than a 

minimum value fo r  the f i n a l  spin rate  to  be la rger  than the mean 

motion.  Goldreich and Peale (1968) and Bellomo e t  a l .  (1967) 

developed the theory o f  s p in - o r b i t  coupling f o r  planets w i th  a l l  

th ree  moments o f  i n e r t i a  d i f f e r e n t  (A<B<C, where C is the moment 

about the spin a x i s ) .  A s tab le  non-synchronous spin may be possible  

e i t h e r  because o f  the e c c e n t r i c i t y  o f  the o r b i t  or because of  the 

presence of a t h i r d  body. The f i r s t  s i t u a t io n  is c a l le d  a "sp in -  

o r b i t  resonance of the f i r s t  kind" by Goldreich and Peale;  Mercury 

is almost c e r t a i n l y  an example of  t h i s ,  as was f i r s t  suggested by 

Colombo (1965).  The three-body s i t u a t io n  is ca l led  a " s p i n - o r b i t  

resonance of the second kind" and is possibly exempl i f ied  by Venus 

(wi th the Earth as the t h i r d  body locking the ro ta t io n  of  Venus).

The s a t e l l i t e s  in the so lar  system may well  o f f e r  ad d i t io n a l  examples 

o f  resonances involv ing the spin.  The most obvious p o s s i b i l i t y  is 

Nere id ,  whose e c c e n t r i c i t y  is so large (0 .75 )  tha t  a resonance of  

the f i r s t  kind seems almost unavoidable, given enough t ime. Very 

high order resonances are probably s tab le  in th is  case,  and a 

determination o f  j u s t  which one the s a t e l l i t e  came to  occupy might 

prove a va luable  c o nst ra in t  on the possible  choices o f  frequency 

and amplitude dependence fo r  Q,. Hyperion,  in a ra th e r  ecc entr ic  

o r b i t  heav i ly  inf luenced by T i t a n ,  is a candidate f o r  e i t h e r  kind 

of  s p in - o r b i t  resonance.
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The ro ta t io n  o f  T i ta n  may s t i l l  o f f e r  surpr ises .  While  

markings on T i t a n ' s  d isk have been seen (Do ll fus  1961),  no 

ro ta t io n a l  v a r ia t io n  has ever been convincingly  demonstrated by 

photometry. The expected ro ta t io n  is synchronous, but a ra te  

s l i g h t l y  la rger  than the synchronous ra te  would require  observation  

over an extended period of  time to  be recognized as such. I f  

the s a t e l l i t e  is e f f e c t i v e l y  l iq u id  throughout most o f  i t s  volume, 

as suggested by the models o f  Lewis (1971),  no permanent deformation  

in the e q u a to r ia l  plane can be sustained,  and because the o r b i t a l  

e c c e n t r i c i t y  is 0 .03  i t  becomes necessary to consider the p o s s i b i l i t y  

o f  an asymptotic ro ta t io n  ra te  o f  the type suggested by Peale and 

Gold (1965).  I f  T i t a n ' s  e f f e c t i v e  t i d a l  Q, is extremely high the 

s a t e l l i t e  may ro ta te  r a p id ly ,  but the presence of  an atmosphere of  

considerable  density  (Hunten 197*0 suggests th a t  the s t ru c tu re  of  

T i ta n  is complex enough to o f f e r  some p o s s i b i l i t i e s  of  d is s ip a t io n  

mechanisms which would reduce Q.. Even i f  Q is as high as 105 , the  

s a t e l l i t e  would be despun in less than the age of  the so lar  system.

The f i n a l  spin can be predic ted i f  the d is s ip a t io n  is assumed to 

be due to v is c o s i t y  only ;  then Q is inversely  propor t iona l  to  

frequency and the ro ta t io n  ra te  a t  which the average t i d a l  torque 

over one revo lu t ion  is zero can be ca lcu lated  by eq. ( 1 ) .  For 

zero o b l i q u i t y  the simpler (3) a p p l ie s ,  and

T = KZ(G (e ) ) 2 (n-u>+^) = 0 (10)
q q 2
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where K is a constant and the approximation s in  e = tan e = e 

( i . e . ,  e small )  is impl ied .  Neglecting terms in e1* and higher  and 

solving f o r  to obtains

1 + 6e2 (11)n

For T i t a n ,  e = 0 .03  so the asymptotic ro ta t io n  ra te  is la rger  

than the o r b i t a l  mean motion.  Note tha t  th is  is independent o f  

the precise  value of  Q. On the other hand, the permanent deformation  

required to ensure that  the despinning doesn't  stop u n t i l  synchron- 

e i t y  is reached is very smal l .  The c r i t e r i o n  derived by Goldreich  

( 1966b) y ie ld s  a required asymmetry o f  about

> 4x10“ 8

where A<B<C are  the p r in c ip a l  moments o f  i n e r t i a .

The ro ta t io n  of  lapetus has long been known to be synchronous. 

Table I  gives a spin-down time scale comparable to the age o f  the  

so lar  system. This l i k e l y  implies tha t  the r i g i d i t y  is smal ler  

than the value g iven,  or th a t  Q. fo r  lapetus is <100, or both.  The 

s a t e l l i t e  is large enough to be ex tens ive ly  melted in the i n t e r i o r  

i f  i t  is composed la rg e ly  o f  ices,  so a low y is q u i te  to be expected.  

On the other  hand, a permanent asymmetry must be present o f  the same 

s ize  as that  required f o r  T i ta n  to be synchronous, because the 

o r b i t a l  e c c e n t r i c i t y  o f  lapetus is the same as T i t a n ' s ,  and observa

t ions o f  lapetus'  unusual l i g h t  v a r ia t io n  date back 300 years ,  

ensuring th a t  the spin is synchronous to w i th in  1 par t  in 104 .
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The Neptune-sate l l i te  Nereid has a spin-down time in table  I  

of ^ 1 0  times the age of the solar  system. However, the assumed 

albedo, r i g i d i t y ,  and Q, may quite  possibly a l l  be too large,  

comfortably al lowing the spin-down time to be contained with in  the 

age of the solar system. Thus i t  is impossible to predict whether 

Nereid's rotation has changed much from i ts  o r ig ina l  s ta te .



IV .  EARLIER PHOTOMETRIC STUDIES OF SATELLITES

A b r i e f  review of the then e x is t in g  photometric observations  

of s a t e l l i t e s  was given by G raf f  (1929),  a t  about the same t ime as 

pioneering work in p h o to e le c t r ic  photometry was performed by 

Stebbins, g iv ing the f i r s t  h igh-prec is ion  magnitudes o f  J u p i t e r ' s  

Gal i lean  s a t e l l i t e s  (Stebbins 1927, Stebbins and Jacobsen 1928).  

These remained the only p h o to e le c t r ic  (PE) data fo r  s a t e l l i t e s  

u n t i l  a systematic program of photometry o f  planets and s a t e l l i t e s  

was undertaken by Kuiper and Harr is  a t  the McDonald Observatory in 

1950. These new observations ,  which were made on the UBV system 

(R and I measures were made by Hardfe ) ,  formed the basis f o r  an 

extens ive review of the photometric p roper t ies  o f  planets  and 

s a t e l l i t e s .  That review a r t i c l e  (Harr is  1961) w i l l  be f re q u en t ly  

re fe rred  to  in th is  th e s is .  Un for tunate ly ,  the ind iv idua l  obser

vations are  not d e ta i le d  in the a r t i c l e  and were never published  

elsewhere; the o r ig in a l  records of  these observations are apparently  

lo s t .  A review by de Vaucouleurs (1970) provides e x c e l le n t  updating  

fo r  the p lanets  but does not t r e a t  the s a t e l l i t e s .

Several  pre-PE observers were experienced and c are fu l  in the  

use of v isual  photometry or v isual  est imates and reported a large  

number o f  observations; in some cases the work is reported in such 

a form th a t  a meaningful rediscussion is re a d i ly  performed (usua l ly
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a f t e r  PE photometry of  the comparison sta rs  used by the visua l  

observer ) .  P a r t i c u l a r l y  fo r  T i ta n  and lapetus such data turn out  

to  be very v a luab le .  (The term "v isua l  photometry" w i l l  here be 

taken to imply use of  a v isual  photometer,  the various types of  

which have been described by Hassenstein (1931);  f o r  d i r e c t  visua l  

comparison w i th  nearby sta rs  in the f i e l d  o f  view of the telescope  

the term "v isua l  est imates" w i l l  be used.)

The f i r s t  program o f  systematic v isual  photometry of  most of  

the s a t e l l i t e s  in the so la r  system appears to  be tha t  i n i t i a t e d  

by E. C. P ickering  a t  Harvard in 1877 (P icker ing 1879). The obser

vat ions were made using various types of  photometers,  and compared 

the s a t e l l i t e s  v ar ious ly  wi th  s ta r s ,  wi th  each o th e r ,  and w i th  t h e i r  

primary.  The in te rna l  accuracy seems to be ra ther  low. Twenty 

years l a t e r  Wendell (1913) observed T i ta n  and lapetus a t  the same 

observatory .  The observations show good in te rna l  consistency and

are reported in f u l l  d e t a i l ,  i d e n t i f y in g  the comparison s ta r  used

f o r  each observation.  Wendell 's observations are discussed in 

d e t a i 1 in ch. V I I .

During 1905-08 Guthnick (191*0 c a r r ie d  out numerous measurements 

o f  the Gal i lean  s a t e l l i t e s  of  J u p i te r  and the s ix  b r ig h te s t  Saturn 

s a t e l l i t e s  w i th  a v isual  photometer. The resul ts  c l e a r l y  show ( in  

the l i g h t  of  modern re su l ts )  the e f fe c ts  o f  i n s u f f i c i e n t  allowance

f o r  the scattered l i g h t  from the p la n e t ,  in th a t  the l i g h t  curves

show minima a t  the conjunctions and maxima a t  the e longat ions.  The 

mean magnitudes are  in substant ia l  agreement with  recent PE values;
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the T i ta n  and lapetus data w i l l  be b r i e f l y  considered in ch. V I I .

G ra f f  (1920,  1924, 1939) a lso observed J u p i t e r  and Saturn 

s a t e l l i t e s  w i th  an improved photometer o f  his own design.  His 

observations appear to be r e l a t i v e l y  r e l i a b l e ,  although s u f fe r in g  

to  some extent  from the "conjunction e f f e c t "  j u s t  mentioned. The 

observations are given in d i v i d u a l l y  but the comparison stars  used 

are only given in a master l i s t ,  not i d e n t i f i e d  fo r  each observation.  

Widorn's (1950) lapetus observations in 1949 were made in the same 

manner as those of  G r a f f .  Both sets o f  observations are discussed 

in ch. V I I .

Visual  est imates o f  magnitudes of  v a r i a b le  s t a r s ,  s a t e l l i t e s ,  

e t c . ,  have long been popular w i th  amateur astronomers because o f  

t h e i r  s im p l i c i t y  ( in  p r i n c ip l e ,  a t  lea s t )  and because no special  

photometric equipment is necessary.  For stars  in the f i e l d  and 

with s u i ta b le  comparison sta rs  nearby,  v is u a l - est imates by an 

experienced observer may be good to  about 0.1 mag.; but the  

strong and uneven background o f  sca t tered  l i g h t  from the primary 

makes s a t e l l i t e  est imates d i f f i c u l t  and very prone to systematic  

e r ro rs .  In a d d i t io n ,  i f  o ther  s a t e l l i t e s  are used as comparison 

ob je c ts ,  the v a r ia t io n s  that  may be present in the l a t t e r  can i n t r o 

duce ad d i t io n a l  e r ro rs .  Thus v isual  est imates of  s a t e l l i t e s  must 

be considered wi th  caut ion.  Major ser ies  of  v isual  est imates include  

those by W i r tz  (1912) and Barnard (e .g .  1912, 1927). Ne i the r  is 

s u i ta b le  f o r  rediscussion here.  More rece n t ly  B r i t i s h  and American 

amateurs have devoted considerable a t te n t io n  to the mean magnitudes
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photometry mostly in the Journal o f  the B r i t i s h  Astronomical  

Associat ion and the S t r o l l i n g  Astronomer. One notes that  the g la re  

from the p lanet is an outstanding complicat ion when making visual  

est imates ,  a fa c t  r a re ly  apprec ia ted f u l l y  (Hodgson 1972).  Some 

recent ser ies  o f  v isual  est imates w i l l  be mentioned in ch. V I I ,  notably  

Steavenson's observations of  Uranus s a t e l l i t e s  in 1950.

Photographic magnitudes (v isua l  est imates d i r e c t l y  from the  

p la te  or measurements by i r i s  photometer) are f re quent ly  by

products o f  as t rom etr ic  photography of  s a t e l l i t e s .  This is the  

p r in c ip a l  source o f  magnitudes f o r  most of  the f a i n t e r  s a t e l l i t e s  

in the so lar  system. Examples are  the magnitude determinations  

fo r  the outer  J u p i te r  s a t e l l i t e s  reported in many short  communica

t ions  by Nicholson. An in te r e s t in g  example o f  ca re fu l  reduction  

of microdensitometric  data on s a t e l l i t e s  deeply immersed in the  

scattered l ig h t  of  the primary is the determination of  the magnitudes 

of the Mart ian  s a t e l l i t e s  by Pascu (1973)•

In the la s t  few years a v a r i e t y  of  e le c t r o n ic  devices have 

come into use, in which the primary image in the focal  plane of  

the telescope is i n t e n s i f ie d  or magnif ied by e le c t r o n ic  means and 

then re g is te re d ,  e .g .  on a photographic p la t e .  While t h e i r  use 

fo r  photometry is as yet exper imenta l ,  in the fu tu re  they may well  

provide the best possible magnitudes fo r  the f a i n t e r  s a t e l l i t e s  in 

the so lar  system.

The f i r s t  p h o to e le c t r ic  s a t e l l i t e  observations (not counting
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review (1961) concerned the discovery of  a s h o r t - l i v e d  br ightening  

of  lo as i t  reappeared from e c l ip s e  by J u p i te r  (Binder and 

Cruikshank 1964). The many observationa l  studies o f  th is  pheno

menon have been reviewed and a model proposed by Cruikshank and 

Murphy (1973).  UBV observations y ie ld in g  information on mean 

magnitudes and colors and t h e i r  v a r i a t io n  w i th  o r b i t a l  phase have 

been reported f o r  various Saturn s a t e l l i t e s  by Blanco and Catalano  

(1971),  M i l l i s  (1973) ,  Franz and M i l l i s  (1973),  B l a i r  and Owen (1974),  

and Frank l in  and Cook (1974).  The pre l im inary  reports on Phoebe 

and J u p i te r  V I  (Andersson and Burkhead 1970, Andersson 1972) are  

superseded by the d e ta i le d  discussion in the present work.

Broadband photometry o f  the Mart ian s a t e l l i t e s  has been reported 

by Z e l ln e r  and Capen (1974) ,  and uvby photometry o f  the Gal i lean  

s a t e l l i t e s  and Saturn 's  major s a t e l l i t e s  by Morrison e t  a l .  (1974b) 

and Noland e t  a l .  (1974).  Spectrophotometry w i th  narrowband 

f i l t e r s  by Johnson (1971; G a l i lean  s a t e l l i t e s )  and McCord e t  a l .

(1971; s a t e l l i t e s  of  Saturn) was mainly performed fo r  the purpose 

of  e s ta b l is h in g  the spectra l  r e f l e c t i v i t i e s  but al lowed some con

clusions about the v a r ia t io n s  w i th  o r b i t a l  phase. A number o f  

in f ra red  observations have a lso  been reported during the las t  

several  years.  The status of  research on the physical  nature of  

the natura l  s a t e l l i t e s  in the s o la r  system, as of  l a t e  1973, has 

been wel l  summarized by Morrison and Cruikshank (1974).
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Because some s a t e l l i t e s  are  l i k e l y  to  be p h y s ica l ly  s im i la r  

to some a s te ro id s ,  the current a c t i v i t y  in the physical  study of  

astero ids  is o f  g reat  in t e r e s t  from the po int of  view o f  the 

s a t e l l i t e s .  For instance,  the c l a s s i f i c a t i o n  of  astero ids  by t h e i r  

spectra l  r e f l e c t i v i t y  curves from narrowband photometry (Chapman 

e t  a l .  1973) should a id  in the in t e r p r e t a t io n  of  the colors of  

s a t e l l i t e s  l i k e  J u p i t e r ' s  oute r  ones, since these may be captured 

aste ro id s .  A good overview of  recent research on the asteroids  

is provided by the I .A .U .  12th col loquium proceedings ed i ted  by 

Gehrels (1971).
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V. NEW OBSERVATIONS AND THEIR REDUCTIONS

A. Instrumentation.

Observations fo r  th is  program were made in 1970-73,  during 

more than 100 nights on nine te lescopes.  Some o f  these are p a r t i a l  

n igh ts ,  k in d ly  re l inqu ished  by o ther  observers assigned to the  

telescopes in quest ion.  The observing runs outs ide o f  Indiana  

are l i s t e d  in Table I I ;  the observing time a t  the Indiana U n ivers i ty  

16-inch (41 cm) te lescope,  at  the Morgan-Monroe S ta t ion  of  the  

Goethe Link Observatory,  is summarized in Table I I I .  Only nights  

which a c t u a l l y  y ie lded  useful  observations are included. A 

scheduled observing run on the 42-inch (107 cm) telescope of  the  

Lowell Observatory in 1973 Jan produced no data because of  bad 

weather.  L ikewise,  scheduled nights in 1971 Apr on the 36-inch  

(91 cm) r e f l e c t o r  o f  the Goethe Link Observatory were unproductive  

because of instrumental  d i f f i c u l t i e s .  A number o f  nights in the 

spring and summer-of 1971 a t  the Morgan-Monroe 16-inch were devoted 

to experimental  photometry (mostly involv ing area scanning photo

metry o f  J u p i t e r ' s  G a l i lean  s a t e l l i t e s  and other  o b je c t s ) ;  data  

from these nights have not been reduced and the nights are not 

included in the tab les .

A l l  photometry was done w i th  conventional s ingle-channel  

p h o to e le c t r ic  photometers equipped w i th  RCA 1 P21 photo m u lt ip l ie rs
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cooled by dry ice.  Exceptions are two nights o f  the 1972 May run 

a t  the LPL (C a ta l in a )  Observatory,  when the photometer had an 

EMI 6255 p h o to m u l t ip l ie r  tube. The photometer used f o r  a l l  obser

vations on the Indiana 16-inch and McDonald 82- inch telescopes is 

manufactured by Boro-Spotz Co. and has an o f f s e t - g u i d e r ;  i t  was 

operated in conjunction w i th  a General Radio DC a m p l i f i e r ,  and the  

a m pl i f ied  signal  was recorded by a Brown s t r i p  char t  recorder.  

During the various observing runs a t  K i t t  Peak National  Observatory 

standard K i t t  Peak photometer heads, cold boxes, DC current in te 

g ra to rs ,  and o f f s e t -g u id e r s  were employed; the re su l ts  o f  the  

in tegrat ions  were usua l ly  both recorded on s t r i p  chart  and punched 

on paper tape (together  w i th  t ime, f i l t e r ,  and gain in form at ion) .  

The observations a t  the C a ta l in a  6 l - i n c h  r e f l e c t o r  on 1972 Jun 20 

were a lso made w i th  a K i t t  Peak photometer,  w h i le  the AO-inch 

observations one month e a r l i e r  u t i l i z e d  photometers belonging to 

the Lunar and Planeta ry  Laboratory.  In both cases the output  

consisted of  punched paper tape; in a d d i t io n ,  the re su l ts  were 

p r in te d .  The 1972 Jan observing run a t  the McDonald 36-inch  

u t i l i z e d  a McDonald photometer wi th  o f f s e t - g u id e r  and a pulse  

counting system (RIDL).  The d i g i t a l  d isp lay  on the pulse counter  

was w r i t t e n  down by hand a f t e r  each in te g ra t io n .

The f i l t e r s  used were in a l l  cases such tha t  t h e i r  natura l  

system (together  w i th  p.m. tube and o p t ic s )  was close to the UBV 

system of  Johnson and Morgan (1953).  In a d d i t io n  to  the three  

main f i l t e r s  an u l t r a v i o l e t - p l u s - r e d  f i l t e r  combination was usual ly



Table I I .

Observing runs in Texas and Arizona.

Observatory Telescopes Period (UT dates) No. o f  Pr inc ipa l

(inches /  cm) nights program objects

McDonald Obs. 82 / 208 1970 Dec 24 - 31 3 Saturn + Uranus 
s a t e l 1i tes

K i t t  Peak N a t11 Obs. #2-36 / 91 1971 Nov 5 - 18 2 Saturn s a t .
11 50 / 127 1971 Nov 7 - 13 5 II II

McDonald Obs. 36 / 91 1972 Jan 10 - 21 9 II II
Uranus " 
Pluto

n 82 / 208 1972 Jan 11 - 21 3 Saturn sat .

C a ta l ina  Obs. 4o / 102 1972 May 6 - 10 5 J u p i te r  V I ,  P lu to

K i t t  Peak N a t1'1 Obs. #2-36 / 91 1972 Jun 13 - 16 4 J u p i te r  V I ,  Uranus s a t .  
T r i to n

II #4-16 / 41 1972 Jun 17 1 standard s ta r  t i e - i n s

C ata l ina  Obs. 61 / 155 1972 Jun 20 1 T r i to n

McDonald Obs. * 82 / 208 1972 Dec 30 - 1973 Jan 12 4 Phoebe

K i t t  Peak N a t1'1 Obs. #3-16 / 41 1972 Dec 30 - 1973 Jan 1 3 standard s ta r  t i e - i n s
II 50 / 127 1973 Jan 3 - 4 2 Saturn sa t .

observer M. S. Burkhead



Table I I I .

Observing a t  the Goethe Link Observatory 1 6 - inch (41 cm) telescope.

Period (UT dates) No. o f  nights P r in c ipa l  program objects

1970 Apr 5 -  10 3 J u p i te r  VI

1970 Sep 11 -  Dec 7 16 Saturn s a t e l l i t e s

1971 Feb 2 -  Aug 1 18 Widorn's and Wendell 's stars

1971 Sep 22 -  Dec 19 9 Saturn sat .  and standards

1972 Feb 15 -  Apr 26 11 Saturn s a t . ,  Pluto standards

1972 May 20 -  Aug 6 k Uranus standards, J u p i te r  
standards,  Neptune standards

1973 Apr 6 -  Jul 12 1 G r a f f 's  s ta r s ,  Uranus stan
dards,  Neptune standards,  
Pluto  standards

The s ta r  sequences i d e n t i f i e d  above as Widorn's,  Wendel l 's ,  and 

G r a f f 's  stars  are described in the T i ta n  and lapetus sections of  

ch. V I I .



51

employed to check the redleak of  the U f i l t e r .  The f i l t e r s  used 

in Indiana observations (and McDonald observations in 1970) through

1971 Aug were o f  the types and thicknesses s pec i f ied  by Johnson (1963) 

fo r  the o r i g i n a l  UBV system. However, the U and B passbands were 

dis loca ted  somewhat towards the red,  r e l a t i v e  to the "standard"  

locat ions ,  so t h a t ,  fo r  instance,  the instrumental  B-V color  required  

a transformat ion c o e f f i c i e n t  o f  about 1 .2 .  Also,  the redleak of

the U f i l t e r  was ra ther  large .  New U and B f i l t e r s  were adopted 

in 1971 Sep (U: 2mm Schott UG-2; B: 3mm Schott GG-13 + Corning 5030),  

with  much improved co lor  transformat ions r e s u l t in g .  The "new" 

f i l t e r  set was a lso used on subsequent observing wi th  the McDonald 

82- inch .  A l l  KPNO observations and the observations w i th  the  

LPL 61-inch were made wi th  the same UBV f i l t e r  set  (KPNO f i l t e r s  

#315, 233,  232; the f i r s t  o f  these is 1 mm UG-2, the others as 

sp ec i f ie d  by Johnson). The observing wi th  the McDonald 36- inch  

telescope used standard UBV f i l t e r s ;  the f i l t e r s  used a t  LPL in

1972 May are u n id e n t i f i e d  but the transformat ions are near ly  id e a l .  

Transformation c o e f f i c i e n t s  fo r  various observing periods are  

given in Table IV.

Because of  the importance of  the scat tered  l i g h t  from ( in  

t h is  case) the b r ig h t  p la n e t ,  i t  should be mentioned tha t  a l l  

photometry was done a t  the Cassegrain focus of  the respective  

te lescope. A l l  the telescopes have secondaries supported by 

four s t r u t s ,  which are o r ien ted  North-South-East-West in the  

McDonald 36- in c h ,  the LPL 61 - inc h ,  and the K i t t  Peak #2 36- in c h ,
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and a t  ^5° angle to  th a t  con f igura t ion  in the McDonald 82-inch and 

K i t t  Peak 50- inch te lescopes.  In the Indiana 16-inch the s t ru ts  

had the h o r i z o n t a l - v e r t i c a l  conf igura t ion  u n t i l  1971 Dec, when they 

were turned by kS °• As fo r  the s ta te  o f  the m ir ro r  coatings the 

records are incomplete; the primary o f  the Indiana 16-inch r e f l e c t o r  

was re-coated in 1971 Dec, otherwise a l l  observations probably 

involved m ir ro r  coatings from a few months to two years o ld .

B. Observing rout ine  and p h o to e le c t r ic  reductions.

One "observat ion" ,  as used in t h is  th e s is ,  means the re su l t  of  

a number o f  consecutive d e f le c t io n s  or in te g ra t io n s ,  in each of the 

various co lo rs ,  o f  a s in g le  ob ject  and the sky near i t .  The pattern  

usually  fol lowed fo r  comparison stars  and program objects  with  

uncomplicated sky background was: s t a r  V -  s ta r  B -  s ta r  U -  s ta r

redleak -  sky U -  sky B -  sky V -  s ta r  U -  s ta r  B -  s ta r  V. I f  the 

sky level  was high,  a UBVVBU pa t te rn  was usual ly  fol lowed f o r  the 

sky. (For observing procedures f o r  close s a t e l l i t e s ,  see section C 

of th is  c h a p te r . )  When pulse counting or current in tegra to rs  were 

used, the number o f  separate in tegra t ions  in each co lor  var ied from 

three or four  fo r  b r ig h t  ob jects .on  steady n ights ,  to ten or more 

f o r  f a i n t  or d i f f i c u l t  ob jec ts .  Redleak was only taken fo r  the  

redder ob je c ts .  On many nights no U observations were made. Dark 

current measurements were made as necessary,  V and B d e f lec t io n s  

(both s ta r  and sky) were always taken w i th  the same gain s e t t in g  on 

the a m p l i f i e r .
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Table IV .

Transformation o f  instrumental  systems to UBV

Observatory Time e P h \ f ?UB

KPNO 1971 Nov +0.03 1.01 0.95 1.0 - 0 . 9

11 1972 Jun +0.01 0 .99 0.99 1.2 - 1 . 0

11 1972 Dec +0.02 0 .98 1.00 1.0 -1 .1

McD (36") 1972 Jan - 0 .0 2 1.0*4 0.96 1.3 - 0 . 9

LPL 1972 May +0.05 1.02 1.00 0 .7 - 1 . 0

Li nk 1970 Sep-Dee - 0 .0 k 1.19 0.86 1.2 r - 0 .9
- 1 . 2

II 1971 Feb-Sep - 0 .0 2 1.20 0.8*4

CM 
O , - 0 . *4: 

l - 0 . 6

11 1971 Sep-Dee - 0 .0 2 1.03 1.00

OO•O

- 3 . 0

II 1972 Feb-Aug - 0 .0 3 1.0*4 1.01 0 .9 r - 2 .5 :
- 2 . 9

For d e f i n i t i o n s  of  q u a n t i t i e s  tabulated  see sec. B of  th is  

chapter .

Values shown are means o f  independent determinations during  

periods ind ica ted ,  and are close to  but not necessar i ly  iden 

t i c a l  w i th  the "adopted mean values" (used on nights when 

transformat ions were not solved f o r ) .

Colon ( : )  indicates  large  v a r ia t io n s  from n ight  to n igh t .
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The net d e f le c t io n s  (sky,  red leak ,  e tc .  removed, and corrections  

fo r  n o n l i n e a r i t y ,  i f  any, a p p l ie d ) ,  ga ins,  s ta r  i d e n t i f i c a t i o n ,  

d e c l in a t io n ,  and hour angle were punched on cards (one card per  

o bserva t ion ) .  The computer program used to perform the reductions  

was UBVLSQ, w r i t t e n  by Dr. M. S. Burkhead in 1966 and revised by the  

author .  In UBVLSQ, conventional procedures,  as described by Hardie 

(1962),  are  fol lowed in determining the constants o f  the transformat ion  

and the e x t in c t io n  by least  squares from the observed d e f lec t io n s  of  

standard sta rs  and then c a lc u la t in g  the magnitude and colors on the 

standard system f o r  each observation o f  each standard and program 

o b j e c t .

Let the d e f lec t io n s  through the V, B, and U f i l t e r s  be Dv , D^, 

and D^, and l e t  the a m p l i f i e r  gains in magnitudes (from an a r b i t r a r y  

zero le v e l )  be G (same fo r  b and v) and Gu. Then the raw magnitude 

and colors are

The raw magnitude and colors are  re la ted  to outside-the-atmosphere  

va lues,  v q , ( b - v ) Q, and (u - b )Q, by

v = G -  2 .5  l o g D  3 v

b -  v = 2 .5  log (Dy/D b) 

u -  b = Gu -  G + 2 .5  log (Db/D u)

( 1)

(b-v)  = b -  v -  (k '  + k'J (b -v ) )Xo bv bv

(u-b) = u -  b -  ( k 1, + k", (u -b ) )Xo ub ub

(2)
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where X is the airmass.  F i n a l l y ,  the outs ide- the-atmosphere values  

on the instrumental  system are transformed in to  values on the  

standard UBV system by

V = vQ + e(B-V) + cv

B -  V = j i ( b - v ) 0 + SBV (3)

U -  B = * ( u - b ) Q + ?UB .

The equations (2) and (3) can be combined in to

B -  V -  ( . ( b - v H l - k ^ X )  -  „ k ' yX + CBV

U -  B -  * ( u - b ) ( l - k ” bX) -  f k ^ X  + CUB w

V -  v + e(B-V) -  k^X + cv

where the V equation is placed la s t  because B-V must be a v a i l a b le  

fo r  c a lc u la t in g  V.

Thus the fo l low ing  constants are needed fo r  convert ing raw 

photometry to the standard system:

transformat ion c o e f f i c i e n t s  p ip e

zero s h i f t s  ?BV ^

p r in c ip a l  e x t in c t io n  c o e f f i c i e n t s  kBv k^

second-order e x t in c t io n  c o e f f i c i e n t s  k^y k”B

Of these,  k'Bv and k '^  are  customari ly  considered constant fo r  a 

given instrumental  set -up and need thus only be determined once. 

Instead o f  determining k'J^, th is  constant is of ten  set equal to  

zero ,  fo l low ing  Johnson (1963),  because the atmospheric e x t in c t io n  

in the U band depends in a complicated way on the energy d i s t r i b u t i o n  

in the spectrum of  the measured s t a r .  The complications a r is in g
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from th is  w i l l  be discussed below.

The UBVLSQ input deck includes adopted mean values fo r  the  

eleven q u a n t i t i e s  above, and fo r  each night to be reduced i t  must 

be decided which q u a n t i t i e s  should be solved f o r  and f o r  which mean 

values are to be used. In opt ion 1, a l l  trans form at ion ,  zero  

s h i f t ,  and ( p r in c i p a l )  e x t in c t io n  c o e f f i c i e n t s  are  solved f o r ;  in 

option 2 ,  zero s h i f t s  and e x t in c t i o n ;  in opt ion 3, zero s h i f t s  only ;  

and, in option 4, transformat ion c o e f f i c i e n t s  and zero s h i f t s .  Mean 

values fo r  the second-order e x t in c t io n  are always used. In the  

versions of  UBVLSQ a c t u a l l y  used fo r  the f i n a l  reductions o f  the 

nights o f  the present observing program i t  is possible to apply an 

empir ica l  time or hour angle dependence o f  the e x t in c t io n  

c o e f f i c i e n t s .

For the purposes of th is  work,  the UBV system was considered

defined by the fo l low ing  sets o f  s ta rs :

1) the primary and secondary standard s ta rs  l i s t e d  by 

Johnson (1963)* Magnitudes and colors  derived from 

the photometry by Johnson e t  al .  (1966) and supplied  

by M. Jerzyk iewicz  ( p r i v .  comm., 1973) were used; 

these d i f f e r  in general  by small amounts ( r a r e ly  

exceeding 0.01 mag.) from the values o r i g i n a l l y  

given by Johnson;

2) the Ten-Year Standards o f  the Lowell Observatory so lar  

v a r i a b i l i t y  program (Jerzyk iewicz  and Serkowski 1967);

3) a few sta rs  from Cousins (1971) :  y Cet,  17 E r i , 10 Tau,

o1 E r i ,  x V i r ,  i V i r ,  to2 Sco, and x Sgr.
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In a d d i t ion  to these standards,  the c lu s te rs  designated by Johnson and 

Morgan (1953) as UBV secondary standard regions (the P le iades ,  Praesepe,  

and 1C 4665) were used to determine transformat ion c o e f f i c i e n t s  on 

various occasions.  The sta rs  used as comparison stars  fo r  Plu to  and the 

s a t e l l i t e s  o f  the various planets were t ie d  in w i th  the standard system 

on numerous n ights .  They are mentioned w i th  the appropr ia te  p lanet  in 

ch. V I I  and are a lso found among the sta rs  l i s t e d  in the Appendix.

The reduction of  u l t r a v i o l e t  magnitudes and colors poses special  

problems in broadband photometry. When de f in ing  the UBV system 

(Johnson and Morgan 1953, Johnson 19&3) the v a r i a t io n  o f  the U-B e x t in c 

t ion  c o e f f i c i e n t  w i th  the type of  s ta r  was ignored; as a r e s u l t ,  the 

U-B values f o r  the standard sta rs  are not outs ide- the-atmosphere values.  

T h e i r  physical  meaning is n e i th e r  simple nor wel l  de f ined.  While i t  

is widely  acknowledged tha t  less s im p l i s t i c  procedures must be adopted 

fo r  c orrec t ing  U-B observations fo r  e x t i n c t i o n ,  there is no agreement 

as to which fea tures  o f  the o r i g i n a l  UBV system should be re ta ined .

Gutierrez-Moreno e t  a l .  (1966) argue fo r  the concept o f  e x t r a -  

atmospheric c o lo rs ,  and t h e i r  U-B colors d i f f e r  s u b s t a n t ia l l y  from 

those of  Johnson. Others argue tha t  the o r ig in a l  U-B values are  in 

such widespread use tha t  a major rev is ion  would obsolete  a large body 

o f  e x is t in g  work,  and th e re fo re  procedures should be developed which 

reduce the observations to " o r ig in a l  UBV circumstances" ra ther  than to  

zero airmass (Hardie 1966).  In th is  thes is  the second view is taken.

With comparison sta rs  reasonably s im i la r  to the Sun the U-B 

e x t in c t io n  may be expected to be a simple function  of  U-B. However, 

the need to  deal a t  least  occas ional ly  w i th  a wider range of  s ta r  types,
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and the large airmasses of ten involved prompted some exper imentat ion  

w ith  a two-parameter representa t ion  o f  the U-B e x t in c t io n  c o e f f i c i e n t  

of  the type

kub = kub + k l  (u" b) + k2 (b _ v ) *

Also,  since the U-B values fo r  the standard stars  are not e x t r a -  

atmospheric,  the observations were reduced to  a "standard U-B airmass",  

Xq. The th i rd  equation in (k) becomes:

U-B = ^ ( u - b ) ( l - k ' 1'(X-Xo) )  -  ^(k'ub + k '^ (b -v ) ) (X -Xo) + ?UB (5)

I t  was not possible to  f ind  a combination of  k'j1, k^', and Xq , which 

would s a t i s f a c t o r i l y  reduce a l l  Indiana "old f i l t e r s "  observing  

nights .  Perhaps the k" vary s u b s t a n t ia l l y  from night to n ight  a t  a 

l o w -a l t i t u d e  s i t e  such as the Goethe Link Observatory. The sets  of  

constants f i n a l l y  adopted give a ra th e r  poor representa t ion  of  many

n ights ,  w i th  numerous residuals  >oTo5. The nights using the "new" 

f i l t e r  set  were successfu l ly  reduced using ( 5 ) ;  even observations at  

large airmass have small res idua ls .  The observations in Texas and 

Arizona were reduced according to Johnson's precepts;  sometimes a 

small non-zero k1̂  c o e f f i c i e n t  was al lowed.  The adopted mean e x t in c 

t ion  c o e f f i c i e n t s  fo r  various periods are l i s t e d  in Table V. Since 

k^b is ,  fo rm a l ly ,  the e x t in c t io n  c o e f f i c i e n t  fo r  a hypothetical  s ta r  

w ith  b-v = u-b = 0, and no real  s ta rs  have such c o lo rs ,  the las t  

column gives the approximate e x t in c t io n  c o e f f i c i e n t  fo r  a so la r  type 

s t a r .  This number is approximately equal to the kub which would have 

been appropr ia te  i f  k" = k^ = 0 had been adopted instead o f  the values 

g i ven.
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E xt inct ion  c o e f f i c i e n t s .

Observatory Time k^v k ^  k^v k" k̂ ' Xq d (u -b ) /dX

(k"u) (GO s ta r  a t  X=l)
ub

KPNO 1971 Nov 0.12  0 .10 0.35 -0 .02 0 0 0 0 —
II 1972 Jun 13-16 .16 .12 • 35 -  .040 0 0 0 —
II 1972 Jun 17 .125 .094 .277 -  .040 0 0 0 —
1 1 1972 Dec-1973 Jan .16 .10 .30 -  .040 0 0 0 —

McD 1972 Jan .14 .065 .29 -  .039 0 0 0 —

LPL 1972 May .16 .10 .30 -  .032 0 0 0 —

Li nk 1970 Sep .25 .12 .70 -  .032 --0.140 +0.120 0 .3 0.45
II 1970 Oct-Dec .25 .12 • 70 -  .032 -- .140 .120 1.0 .45
II 1971 Feb-Sep • 15 .12 • 70 -  .032 ■- .140 .120 - 1.0 .45
II 1971 Sep-Dee .27 .15 .53 -  .040 -- .065 .060 3.3 .40
11 1972 Feb-May .29 .14 .53 -  .040 ■- .065 .060 3.3 .40

For d e f in i t ions of  q u a n t i t ie s tabu la ted , see te x t .

Values shown are the "adopted mean values" f o r  the periods indicated.
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C. Sky corrections f o r  close s a t e l l i t e s .

In photometry o f  close p lanetary  s a t e l l i t e s  the p r in c ip a l  

observationa l  complicat ion is the b r ig h t  background of ins trumental ly  

and atmospher ical ly  scat tered  l i g h t  from the primary.  The scattered  

l i g h t  included by even a small diaphragm is o f ten  comparable to the 

l i g h t  contr ibuted by the ob jec t  to  be measured. Furthermore,  the 

surface brightness grad ient o f  the background is high and ( s p a t i a l l y )  

v a r i a b l e ,  making i t  impossible to  measure sky in the usual manner.

In th is  section w i l l  be developed formulae fo r  sky correc t io n s ,  

based on a simple model fo r  d i s t r i b u t i o n  of  scattered  l i g h t  in the 

te lescop ic  image of  a s ta r .

A s ta r  image in the focal  plane of  the te lescope has several  

parts  (King 1971).  Most o f  the l i g h t  is concentrated in a central  

par t  w i th  a radius o f  the order  o f  a few seconds of a rc .  The 

f i n i t e  extent of  the centra l  image is usual ly  determined by the 

atmospheric seeing.  Other circumstances tha t  cause a po int  source 

to have a f i n i t e - s i z e  image are d i f f r a c t i o n  and imperfections of  

the telescope o p t ic s ;  they were unimportant fo r  a l l  nights and 

telescopes involved in making observations of  close s a t e l l i t e s  

reported here.  The centra l  image is separated from the "aureole"  

or "halo" by a t r a n s i t io n a l  region w i th  large brightness g ra d ien t .

The aureole  extends outwards from about ten arcsec from the center  

and is de tectab le  ( f o r  b r ig h t  ob jec ts )  several  degrees away. F i n a l l y ,  

in add i t ion  to these radia l -symmetr ic  components some l i g h t  from the 

s ta r  i s ,  in a r e f l e c t o r ,  channeled in to  " d i f f r a c t i o n  spikes"
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(usual ly  four in number) by the vanes or s t ru ts  supporting the  

secondary mi r r o r .

For our purposes the most important part  o f  the scat tered  l ig h t  

p r o f i l e  is the aureo le .  I ts  exact o r ig in  is unclear but both the 

atmosphere and the telescope opt ics  c o n tr ib u te ;  the s ta te  of  the 

r e f l e c t i n g  surfaces appears important ( P i c c i r i l l o  1973). The 

surface brightness in the aureole approximately fo l lows an inverse  

square law over a large range of d is tance ( r )  from the center .  The 

data compiled by King (1971) suggest tha t  the r “2 law holds very 

accura te ly  over a tremendous range of r (*"* 10" to  ~»10° ) ,  but other  

data from the l i t e r a t u r e  and my own observations ind ica te  tha t  the 

exponent in the power law may range from perhaps -1.*» to  - 2 . 5  and 

is not necessar i ly  constant over the whole range of r ( Z e l ln e r  1970, 

Kormendy 1973, P i c c i r i l l o  1973, Shechtman 197*0* The sky correction  

formulae derived here assume a model wi th  an r~2 brightness d i s t r i 

bution law in the aureole .  The exponent may be s l i g h t l y  co lor  

dependent but no such e f f e c t  is included in the model; th is  w i l l  be 

discussed l a t e r .

Let the f l u x  of  sca ttered l i g h t  per u n i t  area in the focal  

plane of  the te lescope,  as a function of  d is tance ,  r ,  from the 

centra l  image, be:

1 ( r )  = A r “2 . (1)

In p ra c t ic e ,  distances in the focal  plane w i l l  be expressed (v ia  

the scale  o f  the telescope) in seconds o f  a rc .  The constant A
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depends on the brightness o f  the s ta r  and, presumably, the sca t te r in g  

p roper t ies  o f  the atmosphere and the te lescope.

The simplest method of  obta in ing  the sky to  be subtracted from

the d e f l e c t io n  o f  object + sky is to measure sky a t  two points

e q u id is ta n t  (say,  a t  dis tance d) from the program object ( s a t e l l i t e )

and on opposite sides of  i t .  Let the two d e f le c t io n s  be D_1 and D .

I f  they are  taken on the l i n e  through the center  and the s a t e l l i t e ,

we have

D_j = frp2A ( r - d ) ~ 2

Dĵ = irp2A(r+d)~2 (2)

where p is the radius o f  the ( c i r c u l a r )  diaphragm used, and the

d e f le c t io n s  are expressed in such units  th a t  the conversion fa c to r

from l i g h t  f l u x  to d e f le c t io n s  is u n i ty .  The pure sky d e f le c t io n

D th a t  would be measured a t  the locat ion of  the s a t e l l i t e  is o

Dq = irp2Ar-2  (2a)

which is re a d i l y  obtained from D and D :

Do = k + (Dl ) _ i j  ' (3)

I f  D_1 and are  not taken along the radius vec to r ,  (3) must be

subst i tu ted  by a more general  expression in which d / r  and the  

o r i e n t a t i o n  of  the sky measures e n te r .  I t  is suggested th a t  skies  

be measured on the radius v ec to r ,  both because the reduction is 

simpler and because the in f luence of  any angular dependence o f  the  

brightness d i s t r i b u t i o n  (e .g .  d i f f r a c t i o n  spikes) is minimized.
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The diaphragm through which the d e f lec t io n s  are  taken has a 

f i n i t e  s i z e ,  and i t  may be necessary to take th is  in to  account.  By

a c i r c u l a r  diaphragm o f  radius p a t  a distance r from the centra l

Likewise,  the f i n i t e  s ize  o f  the centra l  image (p la n e t ,  in th is  

case) may be n o n -n eg l ig ib le .  I f  the p la n e t 's  disk  is a c i r c l e  o f  

radius R, Dis obtained by s u b s t i tu t in g  R fo r  p in ( 4 ) .  The 

corrections  fo r  f i n i t e  centra l  image and f i n i t e  diaphragm thus have 

the same form. I f  both are included we have (neglect ing higher

*The in te gra l  o f  a function f ( x , y )  (defined in the c a r tes ian  x ,y  

plane) over the area of  a c i r c l e  wi th  radius R and center a t  (X0 >Y0 ) ' s

Taylor  expansion o f  1( r )  about the center o f  the diaphragm and 

i n te g ra t io n  over the diaphragm* one f inds th a t  the d e f le c t io n  through

image is

=  it  A I n ( 1 / ( 1 -  ^ - ) )
r2

(4)

8x2 8y2

ax2 ay2

The d e r iv a t iv e s  are to  be evaluated a t  (x ,y ) .o o
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terms In the ser ies  expansion)

D “  ttA (1 + f i i t S l )  . (5)
r 2 2 r 2

The same formula fo r  an a r b i t r a r y  power law, r n , is e a s i l y  shown 

to  be

D - „ A ^ < 1  _ . (5a)
o 0  or

F i n i t e  R and p can be allowed fo r  in (3) by f i r s t  correc t ing  D.^
D 2 j . n 2  d 2 j . - 2  - 1

and D by fac to rs  (1 + -------------  ) and (1 + ------°—  ) , respect ive ly
2 ( r - d ) 2 2 ( r - d ) 2

(thus reducing them to " c e n t e r /.diaphragm v a l u e s " ) , then c a lc u la t in g
of

a "center  o f  diaphragm value"  fo r  Dq by ( 3 ) ,  and f i n a l l y  correc t ing

D to i t s  " r e a l "  value by m u l t ip ly in g  by (1 + ,*P ,) . However,
°  2 r 2

the e r r o r  made in using (3) d i r e c t l y  is small .

The method of sky measurement described,  w i th  one sky s e t t in g

between the s a t e l l i t e  and the primary and another a t  the same distance

from the s a t e l l i t e  but on the opposite s id e ,  w i l l  be ca l le d  the

"symmetrical sk ies"  method. The inf luence of  various e r ro r  sources

w i l l  be considered fo l low ing  the descr ip t ion  o f  another sky measurement

method which w i l l  be c a l le d  the "concentric  diaphragm" method. I t

consists o f  measuring the s a t e l l i t e  through two diaphragms of d i f f e r e n t

s i z e ,  both centered on the s a t e l l i t e .  The r a t i o  o f  the areas of  the

two diaphragms is known; l e t  i t  be a (> 1 ) .  Let the measured d e f le c t io n

through the smal ler  diaphragm be D , and the d e f l e c t io n  through the

la rg e r ,  D2 . Dj is the sum o f  a sky co n tr ib u t io n  Dg and a s ta r  or

s a t e l l i t e  c o n t r ib u t io n  D^. D2 consists o f  an a times la rger  sky
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c o n tr ibu t ion  and a s l i g h t l y  la rg er  s ta r  c o n t r ib u t io n ,  cDjV, than fo r  

the smal ler  diaphragm (because of  the extent  o f  the s t a r ' s  brightness  

p r o f i l e ) .  The constant c depends on the diaphragm sizes and the  

seeing,  and is evaluated o b s erv a t io n a l ly  by measuring a b r ig h t  s ta r  

(so tha t  the sky c o n t r ib u t io n  to the t o t a l  d e f le c t io n  is n e g l ig ib le )  

through both diaphragms.

D - D  + D.i s *

which leads to

°2 = aDs + cD ^

aD -D

D*  "  ‘ <7)

Allowance fo r  f i n i t e  s ize  o f  c en t ra l  image and diaphragms according 

to (5) leads to
LaD -D

° *  -  (7a>

where
1 + (R2+p 2 ) / 2 r 2L  2  ^  1 + (a_ l ) p  2 /2 r2   ̂ (8)

1 + (R2+p12) / 2 r 2 1

p^ and p2 are  the r a d i i  o f  the two diaphragms and r and R have the

same meanings as in ( 5 ) .

c is here t rea ted  pure ly  as an e m p i r i c a l l y  determined q u a n t i ty .

I t  should be possible  to  g ive a formula o f  the form c = c ( p 1 (p , s ) ,

where s is a parameter descr ib ing the see ing,  using a r e a l i s t i c

model fo r  s ta r  p r o f i l e s  as function of  the seeing.  Possible  s t a r t in g

points are  the a n a l y t i c a l  approximations o f  seeing p r o f i l e s  by

Mof fat  (1969) and Franz e t  a l .  (1971)*  As examples o f  ty p ic a l
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measured values o f  c ,  we mention tha t  during the 1972 Jan McDonald 

Observatory run c var ied  from 1.02 on nights o f  average seeing 

(«v 2") to 1.05 or more when the seeing was poor ( ^ 5 " ) »  using 

diaphragms o f  8" and 16" d iameter.  The nights w i th  poor seeing are  

usually  a lso the ones when the seeing is most v a r i a b l e ,  and c 

determinations then show considerable s c a t t e r  wi th  consequent 

uncer ta in ty  in the a p p l ic a t io n  o f  eq. ( 7 ) .

To i l l u s t r a t e  the in f luence o f  various e r r o r  sources the  

compi lat ion in Table V I  is given.  The second column gives an 

approximate expression fo r  the e r r o r  due to the cause given on the  

same l in e  in column one. I t  is assumed th a t  eqs. (3) (as modified  

by (5 ) )  and (7a) are used in the reductions,  and th a t  the sky 

brightness fo l lows an inverse-square law, except where otherwise  

stated in the f i r s t  column. No d e r iv a t io n s  of  the tabulated  expressions  

w i l l  be given here,  but they can a l l  be obtained by elementary 

methods using information given in th is  chapter .

The la s t  column in Table V I  gives the e f f e c t  o f  the e r r o r  source 

in question on a ty p ic a l  actua l  observation ,  fo r  which the circum

stances were as fo l lows.  Oberon (Uranus IV)  was observed on 

1972 Jan 18 (UT) in V and B through the 8" and 16" diaphragms, wi th  

the fo l low ing  resu l ts  ( in  counts per second):

V B No. o f  5S in tegra t ions

8" diaphragm H 5  230± 18, 10

16" -  " -  232 391i  2 0 ,  10
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Sky was measured w i th  the smal ler  diaphragm * * 8 "  North and South 

o f  the s a t e l l i t e  (which was located a t  dis tance 32" and pos i t ion  

angle 163° w i th  respect to  the p la n e t ) :

V B No. of  5S in tegra t ions

sky N 56* 108* 7,  k

sky S 19 31 7 ,5

These include a uniform sky component o f  9 counts/sec in V and 11* 

in B; an est imated co n tr ib u t io n  by dark current o f  10 counts/sec  

has a lready been subtracted from a l l  f ig u re s  above. The r a t i o  of  

the areas of  the two diaphragms was determined (on another n ight )  

by measuring moonli t  sky and was found to be a = 3 -83.  Measurements 

of a comparison s ta r  through both diaphragms y ie lded c = 1.03 ± 0 .0 1 .  

From cons idera t ions ,  the mean e r ro rs  in the s a t e l l i t e  measures

above due to  pulse count s t a t i s t i c s  are between 0.5% and 1%, and the 

mean er rors  o f  the skies 2% to  A%. The symmetrical skies method 

gives s a t e l l i t e  s ignals  o f  Dy = 117 and = 182, w h i le  concentr ic  

diaphragms give Dy = 116 and = 177. The agreement between the  

two methods is about as good as the s t a t i s t i c a l  considerat ions  

would lead one to  expect.  The r a t i o  between the inner and outer  

skies is la rg e r  than expected from an r -2  sky brightness law; the  

r a t i o  observed would be explained i f  a much steeper law r “ 3) 

a p p l ie s ,  or i f  the skies were in fa c t  measured * *11"  from the  

s a t e l l i t e  ra th e r  than 8" ( the s e t t in g  accuracy was estimated as 

2" according to  the observing log f o r  the n ig h t ) .  An over -es timate  

of the dark count or the constant sky co n tr ib u t io n  would work in
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Table V I .

Error est imates fo r  s a t e l l i t e  photometry

Error  source Error  in DA Error  in sample

observation  

(V magnitude)

Symmetrical skies method

F i n i t e  s ize  o f  diaphragm 

neglected ( i . e . ,  p = 0 

impl ic i  t l y  assumed)
-  f -  d2 D

^ V - d 2 S
+0.0001

Subtract ion of  constant . o
sky background (Dcs) 

neglected

-  3 —  D
r 2 cs

+0.016

S a t e l l i t e  measurement

displaced from midpoint

between sky measures by -  2E -  D 
r s +0 .09  E

amount Ed (p o s i t iv e  away

from primary)

True sky brightness  

fo l lows r"^2+m  ̂ law

d2+im(2+m)—  D 
r 2 s

-0 .0 0 3  m(2+m)

Inner sky measurement in 

e r ro r  by f r a c t i o n  E -  E i r Ds +0 .07  E

Outer sky measurement in 

e r r o r  by f r a c t io n  E
+0.12  E
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Table V I  ( c o n t 'd ) .

E r ror  source Error  in Error  in sample

observation  

(V magnitude)

Concentric diaphragms method

7. F i n i t e  s ize  of  diaphragm 

neglected

8. Constant sky Dcg neglected

9. Center o f  small diaphragm 

displaced from center  of  

large diaphragm by Ep 

( p o s i t i v e  away from primary)

10. True sky brightness
r  i i  ~(2+m) ,f o 11ows r 1 aw

11. Incorrect diaphragm r a t i o

used (a + A instead of a)

12. Incorrect seeing f a c to r  

used (c + A instead of c)

13- Large diaphragm measure

ment in e r r o r  by f r a c t io n  E

1*». Small diaphragm measure

ment in e r ro r  by f r a c t io n  E

a = r a t i o  o f  diaphragm areas (>1)

c = seeing fa c to r

p = r a t i o  o f  radius p o f  smal ler  diaphragm to distance  r o f  

s a t e l l i t e  from primary

2d = d is tance between inner and outer  sky se t t in g s

Ds = sky d e f le c t io n  (aureole contr ibution)  through smal ler  diaphragm,  

at  s a t e l 1i t e

= s a t e l l i t e  d e f le c t io n  through smal ler diaphragm (sky removed)

E and A are defined in the f i r s t  column fo r  each item where they appear.

+ Ds

2 cs

- 0.008

-0 .003

2E S B - o  
a - 1 s +0.06E

2
-  m(2+m)Ds +0.0013 m(2+m)

+ D a-1 s ■0.07 A

+ - A r  D a-1 * -O .k  A

+ E j f j -  (Ds+ D *) - 1 . 7 E
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the same d i r e c t i o n .  Probably several o f  these reasons c ontr ibu te  

to  the large d i f fe r e n c e  between inner and outer  sk ie s ,  but i t  is 

a lso  seen from Table VI  tha t  n e i th e r  would introduce an e r r o r  in 

the s a t e l l i t e ' s  magnitude of  as much as oToZ. I t  is concluded tha t  

th is  observation y ie lded the V and B magnitudes of  Oberon w i th  an 

estimated mean e r r o r  (from pulse count s t a t i s t i c s  and sky brightness  

model dependent sources) o f  about O^OS.

Photometry of  s a t e l l i t e s  of  Saturn requires specia l  considera

t ion  because of the very complicated sky background near the p lanet .  

During the period o f  observat ion (1970-72) the r ing system presented 

i t s  g reates t  opening towards the Earth and contr ibuted  as much l i g h t  

as the disk  of  the p lanet i t s e l f .  For the purpose of reducing 

photometry o f  the inner Saturn s a t e l l i t e s  the fo l low ing  model was 

devised (F ig .  2a) :  the p lanet is considered to consist  o f  a

c i r c u l a r  cen t ra l  d isk  o f  radius R , which has a f r a c t i o n  k o f  the  

t o t a l  l i g h t  o f  the system, and two smal ler  disks (representing the  

ansae of the r ing system) located at  a dis tance d from the center  

and on opposite sides of  i t ;  these smal ler  disks have r a d i i  and 

contr ibu te  each i ( l - k )  o f  the t o t a l  l i g h t .  I f  the surface  brightness  

around a po int  source of  l i g h t  fo l lows eq. ( 1 ) ,  then the surface  

brightness in the v i c i n i t y  o f  the Saturn model is obtained a t  a 

point P (see Fig .  2 a ) ,  located a t  dis tance r from the center  and 

a t  a pos i t ion  angle £ w i th  respect to  the long a x is ,  as the sum o f  

these components:
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Figure 2 A. S truc ture  o f  the Saturn model.
Figure 2 B. Map o f  the sky brightness c orrec t ion  f a c t o r  K(h,?)  
fo r  the v i c i n i t y  o f  Saturn; the numerical values of  the parameters 

Rj ,  R2 , and k are given on p. 71. The o u t l in e  o f  Saturn in

Nov 1971 is superposed.
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A. R 2
1 (ce n tra l  d isk)  = —  (1 + —i — ) (9a)

r 2 2 r 2

R 2
1 (nearer  ansa) = A — ^   (1 + 2 ) (9b)

r 2+d2-2 rd  cos? z X r 2+d2- Z r d  cos?)

R 2
1 (d is ta n t  ansa) = A ^ ----------  (1 + 2------------------- ) (9c)

r 2+d2+2rd cos? 2 ( r 2+d2+2rd cos?)

where the lowest order  term of  the c orrec t ion  fo r  f i n i t e  s ize  o f  the  

l i g h t  source is included. The fo l low ing  constants (a t  mean opposit ion  

distance) were adopted fo r  the model:

d = 18"

R x =  10"

R = 4"
2

k = 0.46

The value o f  k was deduced from M u l le r ' s  empir ica l  formula fo r  the 

t o t a l  magnitude of  Saturn as a function of  the i n c l in a t io n  o f  the 

r ingplane to the l i n e  o f  s ight (Harr is  1961). For observing periods  

when the r ing system is seen more near ly  edge-on, a la rger  k and a 

smal ler  R2 would be appropr ia te .  With h = y  and the above numerical  

values the fo l low ing  expression re su l ts :

1 ( r , ?) = —  K(h, ?) = 
r 2

= 4 - f o .
r 2 L

46 + 0 . 07h2 + 0 . 5 4 --------  *— ------  (10)
1-2h2cos2?+hlf

+ 0 . 013h2 1+gh2 (2fcos2Q.+h^ 1 .
(1 -2h2cos2?+hlf) 2 J



Fig.  2b i l l u s t r a t e s  how K(h,c)  var ies  around Saturn.  In applying  

the symmetrical skies method to inner Saturn s a t e l l i t e s ,  each sky 

measurement is reduced to i t s  "po in t  source Saturn" equ iva lent  by 

d iv id in g  by the appropr iate  K(h,?) (c a lc u la te d  by (10) or est imated  

from a map s im i la r  to Fig .  2b).  Eq. (3) is then a p p l ie d ,  and the 

re s u l t in g  sky is m u l t ip l ie d  by i t s  proper K (h ,c ) .  F i n i t e  s ize  o f  

the diaphragm (radius p) can be al lowed f o r  by s u b s t i tu t in g  R 2 by 

(R ^ + p 2) in (9 a ) ,  and s i m i l a r l y  in (9b) and (9 c ) .  For use in the 

concentr ic  diaphragm method a formula analogous to  (8) may be 

deri  ved.

The great m a jor i ty  o f  the s a t e l l i t e  observations can be

reduced without  any d e ta i le d  knowledge of the l i g h t  d i s t r i b u t i o n

along the d i f f r a c t i o n  spikes.  Sky measurements made in the course

o f  th is  study,  as well  as the data o f  P i c c i r i l l o  (1973)» suggest

that  the brightness o f  a u n i t  length of  a spike is roughly proport ional

to  — , where r ,  as usual ,  is the dis tance from the s t a r .  While no 
r 2

special  procedure was designed fo r  deal ing w i th  observations  

ser ious ly  contaminated by d i f f r a c t i o n  spikes ,  a l l  such observations  

were reduced with  f u l l  a t te n t io n  to the geometry o f  the ind iv idua l  

case,  and the e r ro r  est imates fo r  such data are  bel ieved to  be 

r e a l i s t i c .

Sky measurements (from sym m etr ica l -sk ies - type  observations)  

from several  nights on d i f f e r e n t  telescopes were examined to check 

fo r  any r dependence o f  the co lor  o f  the l i g h t  in the aureole .

I t  was found that - -~rw—  ̂ and — ^^■ are predominantly negative
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(scat tered  l i g h t  b luer  w i th  increasing r or V ) ; the amounts are  

t y p i c a l l y  0.01 to 0.1 and are apparently d i f f e r e n t  f o r  d i f f e r e n t  

telescopes.  The er rors  in the s a t e l l i t e  colors because of  th is  

e f f e c t  are probably j^oToi  fo r  p r a c t i c a l l y  a l l  s a t e l l i t e  observations  

reported here.

Because the colors o f  most s a t e l l i t e s  do not d i f f e r  g r e a t ly  

from those of  the background o f  scattered l i g h t ,  e r r o r  sources of  

a geometrical nature  (such as most items in Table V I )  w i l l  a f f e c t  

the reduction o f  the V, B, and U de f lec t io n s  to about the same 

e x te n t ,  and the er rors  w i l l  be la rge ly  cancel led in taking the B-V 

and U-B co lors .  For th is  reason colors from some observations have 

been accepted even though the magnitude determination appears a f fe c ted  

by some e r r o r .

I t  should be pointed out tha t  th is  observer 's  so p h is t ica t io n  

in performing and reducing observations of  close s a t e l l i t e s  increased 

g r e a t ly  during the progress of  th is  in v e s t ig a t io n ,  from a s t a r t  at  

a ra ther  naVve l e v e l .  The records fo r  the nights o f  the f a l l  of  

1970 are incomplete in various respects;  fo r  instance ,  observations  

s p e c i f i c a l l y  f o r  the purpose o f  determining the seeing f a c to r  c 

were not made, and fo r  only a few of these nights do the a v a i l a b le  

data a l low a r e l i a b l e  determination of  c. For other nights a f u l l  

range of  possible  values had to  be allowed. The large estimated  

e r r o r  quoted f o r  many observations during that  season r e f l e c t  such 

ci rcumstances.
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D. Determination o f  the o r ie n ta t io n  of  the ax is  o f  r o ta t io n .

A body which has an asymmetric shape or surface albedo d i s t r i 

bution and which ro ta tes  on an axis  f ix ed  in space w i l l  present  

l i g h t  v a r ia t io n s  whose amplitude and l i g h t  curve shape depend on 

the d i r e c t io n  to the observer.  In the so lar  system, the l i g h t  curve  

o f  a s a t e l l i t e ,  a s t e r o id ,  e t c . ,  w i l l  thus change because of  the  

o r b i t a l  motions o f  the Earth and the body. This o f f e r s  a p o s s i b i l i t y  

of  determining the o r ie n t a t io n  of  the ax is  o f  ro ta t io n  by obta in ing  

l i g h t  curves of  the ob ject  when i t  is at  d i f f e r e n t  locations in the  

sky. For objects  in the outer  so lar  system these possible  locations  

are r e s t r i c t e d  p r a c t i c a l l y  to a great c i r c l e  ( the plane of  the o r b i t  

around the Sun) and an ambiguity w i l l  remain in the ax is  o r i e n t a t i o n .  

Vesely (1971) has reviewed such work p e r ta in ing  to as te ro id s .  The 

discussion given here is s u b s t a n t ia l l y  the same as tha t  in 

Andersson and F ix  (1973).

The general  problem o f  in te rp re t in g  the l i g h t  curve of  a 

ro ta t in g  p lanetary  body in terms of i t s  albedo d i s t r i b u t i o n  or  

shape has been discussed by Russell (1906).  F i r s t ,  we note tha t  

i t  is in p r i n c ip l e  not possible from l i g h t  curves alone to d i s t i n 

guish between v a r ia t io n s  due to  shape and due to  albedo v a r ia t io n s  

over the sur face .  For asteroids  the v a r ia t io n s  are usual ly  assumed 

to be due to shape, w h i le  fo r  much la rger  bodies they must be 

ascribed to uneven albedo. The apparent brightness ( i . e . ,  the l i g h t  

curve in in te n s i t y  u n i t s ,  ra ther  than magnitudes) can be expressed 

as a Four ier  time s er ies :
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H( t ) = C + C, cos cot + D_ sin cot + C0 cos 2cot + D sin 2iot + . . .
O 1 1 2 2

where t  is t ime, <o is the synodic ro ta t io n  ra te  o f  the body, and 

C . ,  D . ,  K . , and ifi. are constants ( f o r  the l i g h t  curve a t  a given  

t im e ) ,  which are themselves functions of  the albedo d i s t r i b u t i o n  

and the angle,  0, between the axis  of  ro ta t io n  and the l in e  of  

s ig h t .  S t r i c t l y  speaking,  they also depend on the so lar  phase angle;  

th is  is a serious compl icat ion in astero id  work, but fo r  outer so lar  

system objects  the phase e f f e c t s  are always small and an attempt  

to include them form al ly  in the equation appears u n j u s t i f i e d .  Of 

course, the actual  observations used in the l i g h t  curve should be 

corrected fo r  phase in the usual manner (ch. I I ) .  The c o e f f i c i e n t  Kq 

is the mean br ightness,  and Kj is (approximately)  the amplitude.  The 

C and D c o e f f i c ie n t s  as t r igonometr ic  ser ies  in G may be w r i t t e n  

in the form:

albedo d i s t r i b u t i o n  and/or  shape. Un for tunate ly ,  the reverse is 

not t ru e :  the inversion o f  the l i g h t  curve to de r iv e  the surface

= Kq + K1 cos (cot-i/^) + K2 cos (2ait-i|)2) + (1)

00

m = 0 , 1 , 2 , 3 . . .

k=m (2)
00

m = 1 , 2 , 3 . . .
k=m

Summation is over even values of  k on ly ,  except th a t  k = 1 is 

included. (cosO) are  the associated Legendre polynomials.  

Note th a t  K = C .o o

The c o e f f i c i e n t s  c™ and d™ are determined uniquely by the
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spott iness or shape is not unique,  in tha t  the surface spherica l  

harmonics o f  odd order >1 do not a f f e c t  the C's and D's and thus 

cannot be determined.

Because o f  the absolute convergence of  the ser ies  (1)

(Russel 1906) i t  is permissib le  to rearrange i t  by powers o f  s in  0

and cos 0 ,  and th is  suggests one p r a c t ic a l  way of  approximating the

Four ier  c o e f f i c i e n t s .  Reta ining only the lowest term beyond the

constant term, and introducing K = (C2+D2)^ in accordance w i th  ( 1) ,m m m

we obtain

K = a, + a„cos0 o  1 2

K 1 =  a 3 s l n 0  ( 3 )

K2 = a^s i n20

The procedure fo r  the ax is  determination used in our paper 

on P luto  (Andersson and Fix  1973) was to Four ie r -ana lyze  the 

a v a i l a b le  Plu to  l i g h t  curves,  thus obta in ing  one set of  K's fo r  

each l i g h t  curve,  and then fo r  each point o f  a g r id  over the 

c e l e s t i a l  sphere solve by least squares fo r  the a^ c o e f f i c i e n t s  in 

( 3 ) .  For c e r t a in  gr id  points the residuals  o f  the K's were a l l  

smal ler than p re -s e t  l im i t s  selected from considerat ions of  the  

accuracy o f  the l i g h t  curves; these g r id  po in ts ,  then,  def ined the  

range o f  possib le  pole pos i t ions .

I t  is convenient to consider th is  problem in a coordinate  

system wi th  the o r b i t a l  plane o f  the outer  so lar  system object  in 

question as fundamental plane (except f o r  P lu to ,  th is  means roughly 

longitude and l a t i t u d e  re fe r re d  to  the e c l i p t i c ) .  Let the geocentric
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longitude o f  the object  in th is  system, a t  the t ime o f  a given l i g h t  

curve observation ,  be A; the corresponding l a t i t u d e  B is small 

(always <1° f o r  the Jovian planets and P lu to )  and w i l l  be assumed 

zero here.  Let the coordinates of  one o f  the poles o f  the object  

be (^0 »30)*  From elementary spher ical  tr igonometry  we have

cos 0 = cos 3 cos(A-A ) o o

which,  subst i tu ted  in to  ( 3 ) ,  gives

K -  a, + b cos(A-A ) o l i o
K? = b -  b cos 2(A-A ) (4)

1 2 3 O

K2 -  b„K2

where

b = a cos 3 1 2  0

b = a^(3~cos 23 ) / 42 3 o

b = a |(1+cos 23 ) / 4  (5)
3 0  o

b = a , / a \
it 4 3

C le a r ly ,  i f  l i g h t  curves have been obtained a t  w e l 1- d i s t r i b u t e d  

points  along the o r b i t  around the sun, inspection o f  a p lo t  of  Kq 

versus A w i l l  d i r e c t l y  give  Aq , in tha t  the pole longitudes are at  

the extrema o f  the curve (the maximum in the p lo t  corresponds to 

the pole o f  the hemisphere on the ob jec t  which has the lower mean 

albedo) .  In the p lots  of  and K2 versus A the minima are  a t  the 

pole longitudes Aq and Aq + 180°.  The pole l a t i t u d e  is determined



or in l i k e  manner from the K2 p l o t .  Whether the pole a t  Xq is

north or south o f  the o r b i t a l  plane remains undetermined by th is

ana lys is .

The physical  meaning o f  a nonzero a^ (or b ^  in the expression  

fo r  Kq is a higher mean albedo in the northern hemisphere than in 

the southern,  or v ice  versa.  However, f o r  several  bodies in the  

so la r  system, notably the Jovian p lane ts ,  there  is a l a t i t u d e  

dependence of  the albedo which is symmetrical w i th  respect to the 

equator .  This suggests tha t  an ad d i t io n a l  t r igonom e tr ic  term in 

Kq may be necessary f o r  a r e a l i s t i c  representa t ion  of  the observed 

mean br ightness.  From (2) one f inds  th a t  the next term contains cos20:

K = a, + a cos0 + a cos20o 1 2 5

where a c is a constant .  I f  a =0,  K as a function  of  the longitude5 2 o

X i s

K = b + b cos2(X-X ) . (7)0 5 6 o

I f  the ob ject  is b r ig h te r  a t  the poles than a t  the equator ,  Kq w i l l

be a maximum when the ob ject  is observed a t  the pole longitudes

(X and X + 180° ) ,  whi le  i t  w i l l  be a minimum a t  these longitudes  o o

i f  the ob ject  has dark po lar  caps.

I f  limb darkening is present ,  the c o e f f i c i e n t s  in eqs. (2) -  (7)

depend on the limb darkening law in a d d i t io n  to  the albedo d i s t r i b u t i o n .



The case o f  limb darkening is b r i e f l y  mentioned by Russel l (1906) .  

I t  is wel l-known th a t  the f u l l  Moon has the same surface  brightness  

over the whole d isk ,  except fo r  i n t r i n s i c  albedo v a r ia t io n s  

(Minnaert  1961),  i . e .  i t  has no limb darkening.  I t  seems l i k e l y  

th a t  th is  is the case a lso  fo r  o ther  objects  wi th  no atmosphere.



80

V I.  PLUTO

The l i g h t  v a r i a t i o n  due to r o ta t io n  o f  Pluto was f i r s t  

described by Walker and Hardie (1955) ,  on the basis o f  observations  

obtained by Kuiper, Walker,  and Hardie in 1952-55.  A per iod of  

ro ta t io n  o f  6^39, an amplitude o f  about o T l 1, and a mean opposit ion  

magnitude (wi thout any reduction f o r  phase) o f  Vq = were

der ived.  The l i g h t  curve was found to be asymmetric wi th  the 

descending branch much steeper  than the ascending branch. The B-V 

color  was found to be +0 .79  w i th  no in d ica t io n  of  v a r i a t i o n  wi th  

ro ta t io n a l  phase. Further observations by Hardie (1965) showed a 

s l i g h t l y  la rger  amplitude and a somewhat f a i n t e r  mean magnitude; 

the r e a l i t y  o f  the d i f fe re n c e  between the 1964 resu l ts  and the 

e a r l i e r  ones was considered doub t fu l ,  p a r t l y  because of a recognized 

ze ro -po in t  discrepancy between d i f f e r e n t  years in the e a r ly  

observat ions.

Pluto was observed on 9 nights in 1972 Jan, a t  the McDonald 

Observatory, mainly w i th  a view towards improving the per iod.  The 

planet was found to be f a i n t e r  than expected and showing a la rger  

v a r i a t i o n  than prev ious ly .  That th is  was the case was f u r t h e r  

v e r i f i e d  on f i v e  nights in 1972 May, a t  the C a ta l ina  Observatory o f  

the Lunar and P lanetary  Laboratory.  The phase of  the v a r i a t i o n  was 

in pe r fe c t  agreement w i th  pred ic t ions  using the period of  Hardie (1965).  

A search of  the l i t e r a t u r e  from the years immediately fo l low ing
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the discovery o f  the p lanet  in 1930 revealed a few v isual  and photo

graphic observations (Table IX)  which suggested a value between 14.6

and 14.8 fo r  V . The observations o f  Baade (1934) were reduced o

using the known per iod ,  but did not form a l i g h t  curve ( in  s p i te  of  

t h e i r  range of O1! ^ ) , suggesting tha t  the apparent v a r ia t io n  pointed  

out by Baade was due to observationa l  e r r o r s .  The a v a i la b le  data  

thus suggest a trend towards f a i n t e r  Vq and la rger  amplitude from 

1930 to the present.  Five magnitudes obtained by Ki ladze (1967) in 

1966 have a mean Vq = 1 4 .9 ,  but no d e t a i l s  o f  reductions are given,  

and since Ki ladze only used them to support the l i g h t  v a r ia t io n  

elements of  Hardie,  he may have simply normalized the. magnitude 

scale so that  P lu to 's  magnitude would conform with  Walker 's and 

Hardie 's  data .  I t  appears j u s t i f i e d  to  exclude K i lad ze 's  observa

t ions  from th is  discussion.

The new observations are l i s t e d  in Table V I I .  For the reduction

to V P lu to 's  mean dis tance from the sun is taken as 39.5  AU. No o

B-V v a r ia t io n  is ind ica ted ,  so the Vq is c a lcu la ted  using a weighted 

mean of  the observed V and B, assuming the true  B-V is constant and 

equal to the mean of the observed B-V values:

VQ = qV + (1 -q)  (V + (B-V) -  ( F T ) ) + AV

where AV is the correc t ion  to mean opposit ion  and q is a weighting  

f a c to r  to a l low the d i f fe r e n c e  of  the sizes o f  the B and V signals  

to  be taken in to  account.  (B-V) is the adopted mean c o fo K  

The comparison stars  are gi -en in Table V I I I .  The tab le  

includes various stars  used by e a r l i e r  observers; they are discussed
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Table V I I  

New observations of  P lu to .

UT date JD V B-V U-B Solar
2441000 + °  phase angle

1971 

31 Mar 041.62 15.18: 0 .77: 0 .29: 0?63

1972 

10 Jan 326.99 15 .09 : : 0 .9 7 : : _ 1.72

11 Jan 327.92 15.19 0 .84 - 1.72

12 Jan 328.90 15.25 0.79 - 1.71

14 Jan 330.96 15.13 0.80 - 1.69

15 Jan 332.01 15.06 0.82 - 1.68

16 Jan 332.95 15.01 0.79 0.32 1.67

18 Jan 334.91 15.26 0.83 - 1.64

20 Jan 336.92 15.09 0.80 - 1.61

21 Jan 337.96 15.04 0.75 0 .24 1.60

6 May 443.73 15.22 0.76 0 .4 0 : : 1.38

7 May 444.71 15.17 0.82 0 .28 1.40

8 May 445.70 15.10 0.84 0.30 1.42

9 May 446.70 15 .03 : : - - 1.44

10 May 447.68 15. 10:: 0 .78: - 1.46

30 Dec 682.02 15. 12: 0 .84 0 .44: 1.80

31 Dec 683.01 15.05: 0.87 - 1.80

1973 

3 Jan 686.00 15.27: 0.82: 0 .37 : 1.79

Magnitude reduced to  mean opposit ion  dis tance using a = 39-50 All. 

Estimated m.e. o f  V values marked ::  is ± To5 or more; o f  values  

marked ± ™03; o f  o thers ,  ± To15. For B-V and U-B about twice  

these e r r o r  est imates apply.
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Table V I I I  

Pluto  comparison s ta rs .

S tar V B-V U-B Source of  
photometry

Year o f  Plut'  
observation

a 13.75 0.42 - App. 1930

. b 13.85 0.72 - 11 1930

c 14.22 0.52 - 11 1930

A 13.14 0 .84 “ Walker and 
Hardie (1955)

1954

B 12.03 0 .62 - II 1954

C 12.76 0.62 - II 1955

D 12.42 0 .95 - II 1955

+20°2578 10.59 1.112 - Hardie (p r i v  
comm. 1973)

1964

+20o2580 9.71 0.336 11 1964

+16°2362 6.49 1.02 0.82 App. 1971

+14°2523 7.22 1.18 1.27 II 1972-73

+14°2528 9.23 0.25 0.13 1 1 1972-73

App. = Appendix, th is  thes is
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below. The la s t  two sta rs  In the ta b le  were used fo r  the new 

observations ,  except th a t  on 1971 Mar 31 the comparison was +16°2362.  

The magnitudes and colors o f  + 1*f°2523 and +1**°2528 are  f a i r l y  wel l  

determined, however, the magnitudes (not colors)  from three nights  

in 1972 Dec and 1973 Jan are  discrepant  ( * ' 0 II,05 too b r i g h t ) .  There 

is some in d ica t io n  of  i r r e g u l a r  magnitude e x t in c t io n  during these 

nights and th e re fo re  the magnitudes are  viewed w i th  suspicion and 

are  not included in the adopted magnitude values.  I f  included they 

would lower the magnitudes by 0 .0 2 .

The photometric mater ia l  from 1930-33 consists o f  one visual  

photometric observation by G ra f f  and photographic determinations by 

Baade and o thers .  The old P luto  observations are l i s t e d  in Table IX .  

G r a f f ' s  comparison stars  were measured p h o t o e le c t r ic a l l y  in 1972 Dec 

and 1973 Jan. The accuracy o f  th is  photometry is low but adequate 

fo r  th is  purpose. For the photographic magnitudes the fo l lowing  

conversions were used:

B = m + 0 . 1 1  fo r  the North Polar Sequence (Al len 1963)5 
P9

B = m + 0 . 1 (m -  12.5)  fo r  Selected Area comparisons.
P9 P9

The second r e la t io n  has been der ived from a comparison of  recent PE 

photometry in SA 50 and 51 by Purgathofer (1969) and P r is e r  (197*0 

with  the photographic magnitudes in the Mount Wilson Catalogue 

(Seares e t  a l .  1930).  I t  holds fo r  15<mpg<17 wi th  an average e r ro r  

of  about oT l .  A number o f  a d d i t io n a l  magnitude estimates in 

1930-33 can be found in the Astronomische Nachr ichten, mostly 

inc identa l  to po s i t io n a l  observat ions; they are given to one decimal
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Table IX

Ear ly photometric observations of P luto .

1 2 3 4 5 6 7

1930 Sep 20 1 14.88m
V

Tab. V I I I - 0 . 1 4 14.74 Graf f (1930)

1930 ? 1? 15* 5 mnnpg NPS - 0 . 9 14.6 Nicholson and 
Maya 11 (1930)

1930 ? 5 16.04m
pg

NPS - 0 . 9 15.1 MUnch (1931)

1931 Mar 21 1 15.76mnnpg SA 75 -0 .6 8 15.08 Baade (1930)

1933 Mar 19-*20 2 15.56m
pg SA 50,51 - 0 . 6 5 14.91 Baade (1934)

1933 Oct
Nov

14
17

-  5 15 - 59mnn pg SA 50 - 0 . 6 4 14.95 Baade (1934)

Column headings: 1 Date (s )  o f  observation

2 Number o f  nights observed

3 Magnitude o f  Pluto (mean of  n ights)  and 
type o f  magnitude

4 Comparison s ta rs .  NPS = North Polar Sequence

SA = Selected Area

5 Reduction to  VQ. Includes conversion from 
o r ig in a l  kind o f  magnitude to  V, and 
correc t ion  to mean opposit ion

6 Vo
7 Reference

Solar phase angle fo r  a l l  dated observations:  1?3.
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only (or none) and vary mostly between m -  15 and 16, correspondingP9
to Vq = 14.6  ± . 5 .  The comparison stars  used in 1954, 1955, and 1964 

were reobserved in 1972 Dec and 1973 Jan, but the photometry is poor 

and the magnitudes l i s t e d  in Table V I I I  are  those given by the  

o r ig in a l  observers.  The la rges t  discrepancy appears fo r  s ta r  "B" 

used in 1954; the V magnitude measured in 1972-73 is 0?08 f a i n t e r  than 

the one used by Walker and Hardie.  The 1954-55 s tars  should be 

remeasured. The 1972-73 re su l ts  fo r  a l l  P lu to  comparison sta rs  are  

given in the Appendix.

The mean B-V color  o f  P luto  from the data in Table V I I '

(excluding the very poor Jan 10 data po int )  is +0.81 wi th  a mean 

e r r o r  o f  the mean (assuming constant c o lo r )  o f  0 .0 1 .  Since the  

accuracy o f  the ind iv idua l  observations is unexcept iona l ,  no strong

statement can be made about B^V v a r ia t io n s  wi th  ro ta t io n a l  phase.
m

A v a r i a t i o n  w i th  an amplitude of  0 .02  could e a s i l y  be present .  The 

U-B co lor  was measured on about h a l f  the n ights ;  the s c a t t e r  is 

ra th e r  la rge .  Excluding only the very poor observation of  May 6 

gives the mean Û *B = +0.31 ± .03  w i th  h a l f  weight given to observa

t ions marked w i th  a colon in the t a b le .  The four  observations Df 

highest weight ;a lone  give  +0 .28  ± ,0 2 .  The colors quoted by Harr is  (1961) 

are  B-V = + 0 .8 0 ,  U-B = +0 .27 ;  Walker and Hardie (1955) g ive +0 .79  and 

+ 0 .2 6 ,  re s p e c t ive ly .  The colors thus may have become very s l i g h t l y  

redder since 1954, but the r e a l i t y  o f  the change would be d i f f i c u l t  

to  e s t a b l is h .

No previous attempt appears to have been made to  determine
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the phase c o e f f i c i e n t  o f  P lu to .  The present range o f  phase angle 

during an a p p a r i t io n  is from about 0?5 to 1?8. The only ser ies  of  

observations involv ing an apprec iable  par t  o f  th is  range is the 1955 

data by Walker and Hardie (1955),  w i th  a range in so la r  phase angle 

from 0?95 to 1?50 represented.  In tha t  paper an in te rn a l  probable 

e r ro r  o f  less than oToi is claimed fo r  most o f  the 1955 observations ,  

whi le  a p lo t  o f  the data versus ro ta t io n a l  phase gives a d i s t i n c t  

impression o f  la rg e r  s c a t t e r  (F ig .  3 o f  Walker and Hardie (19 55 ) ) -  

P lo t t in g  the d e v ia t io n  o f  the points from a smooth l i g h t  curve 

(such as in Fig .  5 o f  Harr is  (1961))  versus so lar  phase angle reveals  

a trend in the d i r e c t io n  expected from a phase e f f e c t .  The phase 

c o e f f i c i e n t  0 implied is between 0.03 and 0 .05  mag/deg. We note 

as a c u r i o s i t y  tha t  th is  is s im i l a r  to  the phase c o e f f i c i e n t  a t  2° 

phase angle found by O'Leary (1967) f o r  Mars, a p lanet  to which 

Pluto  is probably s im i la r  in s ize  and albedo. Replott ing the 1955 

observations reduced to a common phase angle ,  using 0 = 0.05  mag/deg, 

al lbws a smooth l i g h t  curve to be drawn from which no point devia tes  

as much as oTo15-

I f  a phase c o e f f i c i e n t  o f  about 0 .05  mag/deg is accepted the 

observations in 1954 are sys te m a t ica l ly  f a i n t e r  than in 1955 by 

0?04. The 195^ observations were made in V and B, whi le  the 1955 

work was c a r r ie d  out in in tegrated  l i g h t  (only the UV was f i l t e r e d  

o u t ) .  The magnitude c a l i b r a t i o n  was probably somewhat b e t te r  in 

1954. Kuiper 's  1953 observations agree w i th  the 1954 magnitude zero
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p o in t .  We w i l l  assume tha t  the 1954 data have the correct  zero 

p o in t .  The p r in c ip a l  data fo r  the various ser ies o f  observations  

o f  P lu to  are  given in Table X. The 1954-55,  1964, and 1971“73 

observations are p lo t te d  versus ro ta t io n a l  phase in Fig .  3-

I t  is suggested th a t  the gradual increase in amplitude and 

the decrease in mean br ightness are  due to  a change of aspect of  

the p lanet r e l a t i v e  to  i t s  ax is  o f  r o ta t io n .  I f  the o b l i q u i t y  is 

la rge ,  the planetographic l a t i t u d e  o f  the sub-earth po int  w i l l  

gradual ly  change because of o r b i t a l  motion o f  the p la n e t ,  and in 

the extreme case of  90° o b l i q u i t y  the aspect w i l l  go through a l l  

co n f ig u ra t io n s ,  from a pole-on view to one where the p lanetary  

equator bisects  the apparent d is k .  P lu to 's  amplitude increase is 

in te rp re ted  to in d ica te  tha t  the sub-earth point  has moved towards 

the p lanetary  equator during recent decades; the dec l ine  in mean 

brightness then implies a higher average albedo f o r  the polar  

regions facing the Earth in 1954 than fo r  the equator ia l  regions.

A search fo r  an axis  o r ie n ta t io n  fo r  Pluto which is compatible  

w ith  the a v a i l a b le  photometry has been reported on by Andersson 

and Fix  (1973).  The method has been described in chapter V. In 

terms o f  the described model, acceptable agreement wi th  the photo

metry was found fo r  poles in a region near o r b i t a l  longitude 280°,  or  

^ 3 2 0 °  w i th  the new Vq fo r  1930-33 in Tables IX and X. T h e . la t i t u d e  

o f  the pole is less wel l  determined but is a t  most ±40° ,  so the  

o b l i q u i t y  implied is la rg er  than 50° (F ig .  2 in Andersson and Fix  

( 1 9 7 3 ) ) .  There is ,  o f  course,  an id e n t ica l  region conta in ing the
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Figure 3. P luto  l i g h t  curves In 1954-55 ( t o p ) ,  1964 (c e n t e r ) ,  and 
1971-73 (bottom),  reduced to  a=1° w i th  g = O^OS/deg. Open symbols 
in d ica te  observations of  lower weight.  Note tha t  the ro ta t io n a l  
phase is given in days.
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Table X

Pluto  photometry: p r in c ip a l

ser ies  o f  observation.

Date Vo Ampli tude Range of  
phase angle

X Remarks

1933.8 14.95: - 1?3 113° 1,7

1953.3 14.92: - 1?3 -  1°4 144 2

1954.2 14.92 0T 11 0 .4  -  0 .7 145 2

1955.3 14.88 0.11 0 .9  -  1.5 147 2 ,3

1964.4 14.99 0 .1 6 1.7 -  1.8 165 4

1966.3 14.90: - 1.2 -  1 .4 169 5

1972.0 1.6 -  1.7 181 6
115.12 0 .22 {

1972.A 1.4 -  1.5 182 6

V has o been reduced to  1° phase angle using 3 = 0?05/deg.

A is P lu to 's  approximate c e l e s t i a l  longitude (he l i  o c e n t r i c ) .

Remarks : 1 Baade (1934).  See Table IX .

2 Walker and Hardie (1955)

3. Vq should probably be adjusted by + 0 .0 4 ;  see t e x t .

4 R. Hardie ,  p r i v a t e  communication, 1973

5 Ki ladze  (1967)

6 th is  th e s is ;  a lso Andersson and F ix  (1973)

7 th is  V is O?  ̂ f a i n t e r  than the value given byo '

Andersson and F ix  because o f  improved transforma

t ions of  SA magnitudes.
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opposite pole 180° away in longitude .  Because the photometric axis  

determination method does not g ive the sign of  the l a t i t u d e  (wi th  

respect to  the o r b i t )  of  the pole ,  i t  is not possible to say which 

of the two pole regions contains the North pole ( in  the IAU sense).

I f  the motion (due to ro ta t io n )  o f  the photocenter o f  the image of  

Pluto  on as t rom etr ic  p la tes  can be detected ,  the sense of  ro ta t io n  

could be determined. P o la r im e t r ic  observations (Kelsey and F ix  1973) 

suggest tha t  the pos i t ion  angle o f  p o la r i z a t io n  o f  P luto  deviates  

s l i g h t l y  but probably s i g n i f i c a n t l y  from the expected value (equal  

to the p .a .  o f  the in te n s i t y  equator ) .  I f  r e a l ,  the e f f e c t  may 

lead to  a p o la r im e t r ic  determination of  the sense of  ro ta t io n  and 

a lso  resolve the l a t i t u d e  ambiguity fo r  the pole.

A large number o f  ast rom etr ic  p lates of  Plu to  from the years  

fo l low ing  the discovery of  the planet e x is t  a t  various observa tor ies .  

I f  a s u f f i c i e n t  number o f  these are o f  a q u a l i t y  s u i ta b le  fo r  

photographic photometry, the amplitude of  v a r i a t io n  a t  tha t  time 

might be determined, al lowing a much improved axis  o r i e n ta t io n  to  

be found. Also,  Plu to  passed through the plane of  the e c l i p t i c  in 

1930; near opposi t ion in any of  several years preceding or fo l low ing  

1930 the p lanet would have been seen under a much smal ler so la r  

phase angle than is possible at  present.  In 1930 and 1931 the  

phase angle a t  opposit ion was less than 0?01, and several  e a r ly  

observations ( l i s t s  in Cohen e t  a l .  1967) were made at  less than 

0?1 phase angle.  I t  may thus be possible to obta in  a near ly  

complete phase function fo r  the range of  phase angle observable  

from the Earth (0 to  2 ° ) .
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Using the new photometry and the upper l i m i t  fo r  P lu to 's  

rad ius,  3400 km, derived by H a l l id a y  e t  a l .  (1966),  y ie ld s  a 

geometric albedo a t  present o f  0 .07  a t  minimum l i g h t  and 0 .09  a t  

maximum. The albedo in 1954 was then about 0 .1 0 .  Because the 

radius is an upper l i m i t  the actual  albedo may be h igher .  The 

scanty p o la r im e t r ic  data a v a i l a b le  are consistent w i th  these  

albedo values (Kelsey and F ix  1973)*
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V I I .  SATELLITES OF THE JOVIAN PLANETS

A. G e n e r a l i t ie s .

This chapter contains the ind iv idua l  observations made of  

s a t e l l i t e s  in 1970-73,  as wel l  as resu l ts  o f  re - reduct ions  of  

various o lder  s a t e l l i t e  photometry. The a v a i l a b le  observational  

materia l  f o r  each s a t e l l i t e  is discussed. The fo l lowing s a t e l l i t e s  

are not discussed because no new photometric mater ia l  has become 

a v a i l a b le  since H a r r is '  review (1961):  J u p i te r  V; Mimas; Miranda,

A r i e l ,  and Umbriel; and Nereid.  P lates of  a l l  o f  these have been 

taken and measured fo r  posi t ions in recent years ,  and photographic 

magnitudes could probably be obtained from some o f  them. Janus, 

the Saturn s a t e l l i t e  discovered by Do l l fus  in 1966, is u n l ik e ly  

to  be observed again u n t i l  the r ing system approaches i t s  edge-on 

aspect in 1980. J u p i t e r ' s  G a l i lean  s a t e l l i t e s  were observed on 

nine nights near opposit ion  in 1971, using a simple area scanning 

technique ( l e t t i n g  the objects  d r i f t  through the diaphragm at  the  

s iderea l  ra te )  on the Goethe Link Observatory 16-inch telescope.  

These data w i l l  be reduced a t  a l a t e r  t ime.

Because of the varying degree of  d i f f i c u l t y  in observing  

d i f f e r e n t  s a t e l l i t e s ,  and because a few d i f f e r e n t  techniques fo r  

removing the sky background were used (see ch. V :C ) ,  the errors  

quoted fo r  ind iv idua l  observations are o f  vary ing r e l i a b i l i t y .
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They were estimated by a v a r i e t y  of  methods. Considerations ente r ing  

fo r  a given observation usual ly  included the agreement between 

d i f f e r e n t  measurements o f  the s a t e l l i t e  during the n ight ;  the 

s c a t t e r  among the d e f lec t io n s  or in tegra t ions  in an observat ion;  

the photometric q u a l i t y  o f  the night as judged from observations  

o f  standard s ta rs ;  and the p la u s ib le  errors  in the sky corrections  

(Table V I ) .  In view o f  th is  d i v e r s i t y ,  caution is urged against  

at tach ing  too much s ig n i f ic a n c e  to  any one ind iv idua l  value .

Inspection o f  numerous l i g h t  curves in th is  chapter indicates that  

the devia t ions of  the data points from the curves are on the average 

close to  the "estimated mean e r ro rs"  fo r  the observations.  In the  

tables  the e s t .m .e .  are  always given in un its  o f  o T o i .

The fo l low ing  abbrev ia t ions are used fo r  the methods of  obser

vat ion of  close s a t e l l i t e s  (ch. V : C ) : 

ss = symmetrical skies,  

cd = concentr ic  diaphragms,

ms = m u l t ip le  skies (symmetrical skies w i th  add i t ional  

sky measurements), 

scan = d r i f t  scans.

Mean opposit ion magnitudes (Vq , i . e . ,  reduced to  a = 0 ) ,  or  

magnitudes reduced to mean opposit ion d is tance and some representa t ive  

so la r  phase angle ( e . g . ,  V (a = k ° ) ) , are used throughout th is  chapter.  

The corresponding absolute magnitudes ( V ( l , a ) )  can be found in the 

summary.in the next chapter .

S a t e l l i t e  measures w i th  es t .m .e .  ^  0T2O and a few obviously  

erroneous observations are not included in th is  chapter.
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B. Jupi t e r  V I .

The f i r s t  attempt to observe J u p i te r  V I  p h o t o e l e c t r i c a l l y  was 

made in 1970 A p r i l  (Andersson and Burkhead 1970).  The mean opposit ion  

magnitude was found to  be Vq = 14.7;  the B-V co lor  given in the 1970 

p u b l ic a t io n  was too blue by oT l ,  due to  a reduction e r r o r ,  and 

corrected data fo r  these observations are  given in the fo l low ing .

J u p i te r  VI  was observed again on 1972 May 8 w i th  the 40-inch  

te lescope a t  the C a ta l in a  Observatory,  and on three nights in 

1972 June, w i th  the No. 2 36- inch  a t  K i t t  Peak. The n ig h t ly  mean 

magnitudes and colors fo r  1970 and 1972 are given in Table X I .  A 

few photographic magnitude estimates o f  J u p i te r  VI  by other  obser

vers are  given in sec. C o f  th is  chapter ,  together  wi th  such 

est imates fo r  other  outer  s a t e l l i t e s  o f  J u p i te r .  The comparison 

stars  to which the PE photometry is t i e d  are l i s t e d  in Table X I I .

At the time o f  the observations in 1972 J u p i te r  was in 

S a g i t t a r i u s .  The extreme density  o f  stars  in the f i e l d  and the  

southern d e c l in a t io n  made the observations d i f f i c u l t ,  and the 

in d iv idua l  observations show considerable  s c a t te r  during each n igh t .  

The path of  the s a t e l l i t e  was checked fo r  contaminating sta rs  to  

rrtpg**17 on a p la te  taken by M. S. Burkhead wi th  the 36- inch  telescope  

of the Goethe Link Observatory, but the unrecognized inc lusion of  

an I 8 m f i e l d  s ta r  in a measurement would introduce an e r r o r  o f  0T05 

in the magnitude of  J V I ;  many of the observations are probably 

a f fe c te d  in th is  manner. In th is  area of  the sky,  near the g a la c t ic  

c en ter ,  ind iv idua l  f a i n t  s tars  are  not resolved on the Palomar Sky
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Table XI  

J u p i te r  V I  photometry.

1 2 3 4 5 6 7 8

1970 Apr 5.3 14.90 0 .64 - 3 3 - 10 3?41 -0 .2 2

8 .3 14.85 0 .67 - 1 1 - 10 2 .84 -  .20

1972 May 8 .5 15.05 - - 2 2 - 4 8 .68 - .21

Jun 14.4 14.84 0.71 - 3 2 - 5 2 .29 + .01

15.4 14.78 0.61 0.47 12 2 1 3 2 .09 + .02

16.4 14.77 0 .76 0 .44 14 2 1 3 1.89 + .02

Column headings: 1 UT date

2 Vo

3 B-V

4 U-B

5 No. o f  observations in V, B, and U

6 Estimated m.e. of  s in g le  V observation  

(un i ts  of  oToi )

7 Solar phase angle of  J VI

8 Reduction to mean opposit ion (VQ“V) 

Mean opposit ion d is tance: a = 5.203 AU, A = 4.203 AU.
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Table X I I

Comparison sta rs  fo r  J u p i te r  V I .

Observing Star  V B-V U-B Photometry
period re ference

1970 i V i r  08 0 .52  0 .02  Cousins (1971)

1972 May CD-23°14580 6 .73  0 .6 4  -  Appendix

1972 Jun CD-23°14320 9.33 1.28 1.10 Appendix
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Survey p r i n t s .  On June 15 and 16 the s a t e l l i t e  was observed fo r  

about four  hours; the ind iv idua l  observations are p lo t ted  in Fig .  4.  

The second o f  these nights seems to show a l i g h t  curve minimum, but 

i t  is not possible to s ta te  anything conclusive about the l i g h t  

v a r i a t i o n .

The n ig h t l y  mean Vq is p lo t te d  versus so lar  phase angle in

Fig .  5. The d i s t r i b u t i o n  of  observations over the possib le  range

o f  a is too spotty to  a l low a c le a r  separation of  the opposit ion

e f f e c t  from the l in e a r  phase dependence. Using the two-parameter

representa t ion o f  ch. I I : B ,  the points in Fig .  5 can be f i t  by

combinations of  3 and <j> ranging from (3 = O^OVdeg, <j) = 0) to (3 = 0,

<f> = 1 . 5 ) .  The e x t rap o la t io n  to zero phase angle o f  the l in e a r  par t

o f  the phase function is consequently uncerta in ;  using G eh re ls1

phase function the mean opposit ion magnitude V"q is about 14.90 ( the

disagreement w i th  the 1970 pub l ica t ion  is only apparent,  since a

l in e a r  phase function was assumed th e r e ) .  V (0=2.5°) is wel l  determined
o

from a l l  observations in the range 1?8 < a < 3?5 as 14.82; the 

dispers ion of  the ind iv idua l  observations is about 0T 10, presumably 

p a r t l y  due to the unknown ro ta t io n a l  l i g h t  v a r i a t i o n .

The mean B-V co lor  is 0 .6 8 .  The s c a t te r  among ind iv idua l  values  

is somewhat la rger  than expected and possibly p a r t l y  r e a l .  The U-B 

color  is 0 .4 6 ,  the mean of  only two (but mutual ly agreeing)  measure

ments and thus ra ther  uncer ta in .  The colors are  somewhat s im i l a r  

to those o f  a few as te ro id s ,  such as 1 Ceres; however, the s a t e l l i t e  

is outs ide the upper l e f t  edge (blue B-V, red U-B) o f  the a s te ro id
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in Table XI. The so l id  l i n e  is Gehrels' phase function fo r  = 14.91.
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d i s t r i b u t i o n  in the U-B vs. B-V diagram (F ig .  6 ) .  I t  is o f  in te r e s t  

to  note tha t  the two Trojan astero ids  in the diagram (624 Hektor  

and 1437 Diomedes) are both found in the extreme lower part  (blue U-B) 

of  the diagram. I f  these two are represe nta t ive  o f  the Trojans in 

genera l ,  then the d i s s i m i l a r i t y  between J V I  and the Trojans speaks 

against  Kuiper 's (1956) theory o f  the formation o f  both the Trojan  

astero ids  and the i r r e g u la r  s a t e l l i t e s  of  J u p i te r  as s a t e l l i t e s  of  

proto-Jupi t e r .

C. The outer s a t e l l i t e s  of  J u p i te r .

The usual ly  quoted magnitudes fo r  J u p i te r  V I I I - X I I  are photo

graphic and due to Nicholson (Harr is  1961).  No p h o to e le c t r ic  

observations o f  these s a t e l l i t e s  seem to e x i s t .  As a check on 

Nicholson's magnitudes a number o f  other magnitude estimates have 

been reduced to mean opposit ion and zero phase angle .  A few are  

from Kuiper (1961);  most were k in d ly  made a v a i l a b l e  by E. Roemer, 

and are v isual  est imates by Dr. Roemer from as t ro m etr ic  p la tes  

(u n f i l t e r e d  103a-0 or I I a - 0 )  using s i m i l a r l y  exposed p la tes  o f  

Selected Areas fo r  comparison. The standard sequences in the SA's 

are from unpublished p h o to e lec t r ic  photometry by W. A. Baum. The 

observations reported here include some of J VI  and J V I I ;  f o r  the 

l a t t e r  s a t e l l i t e  th is  may be the only c re d ib le  photometric i n f o r 

mation a v a i l a b le .

The observations are given in Table X I I I .  The c orrec t ion  to  

mean opposit ion and the so lar  phase angle were ca lc u la te d  f o r  the
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Figure 6. Two-color diagram fo r  astero ids  and small s a t e l l i t e s .  Note 
tha t  the o r ie n ta t io n  d i f f e r s  from tha t  used in s t e l l a r  astronomy. The 
Sun is a t  the lower l e f t  corner .  The as tero id  colors  (a t  a=5°) are  
from Gehrels (1970) w i th  some data from Z e l ln e r  e t  a l .  (197*0 and other  
recent pub l ica t ions  by LPL s t a f f  members. Deimos is p lo t ted  from 
Z e l ln e r  and Capen (197*0 and J V I  and Phoebe from th is  th e s is .  A few 
very red astero ids  f a l l  outs ide the diagram at  the top and r i g h t .
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Table X I I I

Photographic observations o f  J u p i te r  s a t e l l i t e s .

tel 1 i te UT date Tel . mpg a m
0

-m m
0

-m
0

m
P9o

VI 1952 Feb 5 82 ( i 4 . o ) 9?6 - 0 .38 - 0 .2 2 (13 .4 )

1956 Mar 6 82 15.4 3.8 - .26 + .01 15.2

1969 Jun 14 61 16.9 10.6 - .61 - .25 16.0

1970 Mar 13 90 16.2 7.3 - .35 - .15 15.7

V I I 1956 Mar 6 82 17.1 4.1 - .12 + .00 17.0

1969 Jun 14 61 18.0 10.6 - .62 - .25 17.1

1970 Mar 13 90 17.8 7.2 - .37 - .15 17.3

V I I I 1963 Aug 25 40 18.6 8.7 + . 10 - .20 18.5

1964 Aug 16 40 18.9: 11.7 - .24 - .27 18.4:

1964 Dec 10 40 18.0 5.8 + . 12 - .09 18.0

1965 Oct 2 40 19.0 11.2 - .26 - .26 18.5

IX 1969 May 17,18 61 19.7 9 .6 - . 4 3 - .22 19.0

X 1968 Mar 23 61 19.3: 6 .0 - . 3 0 - .10 18.9:

1969 Apr 19,20 61 19.7 5 .4 - .28 - .08 19.3

XI 1969 Jun 13 61 19.3 10.6 - .50 - .25 18.6

1969 Jun 14 61 19.5 10.6 - . 5 0 - .15 18.8

X I I 1968 Mar 24 61 20.3: 6.1 - . 3 4 - .11 19.8:

1970 May 8 90 19.4 3 .7 - .16 + .02 19.3

The 1952 observation of  J VI  ( in  parentheses) is photovisual .  

Telescopes and observer references: 82 - inc h ,  McDonald Obs.

(Kuiper 1961); 40- inch ,  U.S.N.O. F la g s t a f f  (Roemer e t  a l .  1966);  

61 - in ch ,  C a ta l ina  Obs.,  90 - in c h ,  Steward Obs. (Roemer, p r i v .  comm.)
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s a t e l l i t e  i t s e l f ,  except fo r  J V I I I  where mo-m and a r e f e r  to  

J u p i t e r ,  because no s u i ta b le  ephemeris data f o r  the t ime o f  obser

vation were a v a i la b le  fo r  th is  s a t e l l i t e .  The necessary data fo r  

the c a lc u la t io n s  were taken from the Explanatory Supplement to  the 

AE (1961) f o r  J V I  and J V I I ,  and from Herget (1968) fo r  the other  

s a t e l l i t e s .  The neglected correct ions  from J u p i t e r  to J V I I I  could 

possibly  amount to 0 .2  in the magnitude and 0?6 in the phase angle.  

The correc t ion  to  zero phase uses Gehre ls1 as te ro id  fu n c t io n ,  which 

was previously  shown to descr ibe the v a r i a t i o n  of  J VI  w i th  phase 

qui te  w e l1.

The agreement between d i f f e r e n t  observations of  the same 

s a t e l l i t e  is genera l ly  s a t i s f a c t o r y ,  consider ing the uncer ta in ty  

inherent in the method o f  observations (because o f  seeing d i f fe re n c e s  

between the s a t e l l i t e  and SA exposures, e t c . ) .  For J VI  there  is 

conspicuous disagreement: Kuiper 's  observation in 1952 is 1 i  magni

tude b r ig h te r  than expected from the PE photometry,  w h i le  Roemer's 

magnitudes are f a i n t  by h a l f  a magnitude. Comparing w i th  the 

values in Harr is  (196 1) one f inds good agreement f o r  J I X - X I I ;

J V I I I  is c l e a r l y  made too f a i n t  by H a r r is .  Subtract ing o1*7 from

m gives the fo l lowing approximate mean opposit ion  V magnitudes:
P90

J V I I V = 16.4  0

V I I I 17.7
IX 18.3

X 18.4

XI 18.0

X I I 18.9
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Because o f  the fa in tness of  J u p i t e r ' s  outer  s a t e l l i t e s ,  PE data  

w i l l  be d i f f i c u l t  to o b ta in ,  but is necessary fo r  determining t h e i r  

degree o f  s i m i l a r i t y  as regards co lo rs ,  phase c o e f f i c i e n t s ,  and 

ro ta t io n a l  v a r i a t io n s .  Comparisons of  such physical  data fo r  these  

s a t e l l i t e s  w i l l  be important arguments fo r  t h e i r  mode o f  o r ig in :  i f  

they are  fragments from a c o l l i s i o n  o f  two parent bodies (Colombo 

and Frank l in  1971),  one should f ind  not more than two groups of  

mutual ly s im i la r  objects  among the seven s a t e l l i t e s ;  i f  they were 

o r i g i n a l l y  formed as s a t e l l i t e s  o f  p r o t o - J u p i t e r ,  escaped, and 

were recaptured (Kuiper 1956), then they are probably a l l  ra ther  

s im i la r  to  each o ther ;  and i f  they are a (possibly  t ra n s ie n t )  

populat ion o f  in d iv id u a l l y  captured asteroids  (Bai ley  1971),  they 

should be in d iv id u a l l y  d i s t i n c t  but w i th in  the range of photometric  

c h a r a c t e r is t i c s  o f  as te ro ids .

D. Comparison sta rs  fo r  Saturn s a t e l l i t e s .

The sta rs  to which the photometry of  the s a t e l l i t e s  of  Saturn 

is t i e d  are l i s t e d  in Table XIV.  The two br igh t  s tars  used in 

the f a l l  o f  1970 seem in re trospect a ra ther  poor choice ,  p a r t i c u 

l a r l y  because t h e i r  colors  are not very s im i la r  to those of  the 

Sun. The U-B colors obtained in the f a l l  o f  1970 fo r  some Saturn 

s a t e l l i t e s  are  th e re fo re  considered separa te ly  from U-B measures 

from the fo l low ing  season. +17°703 was observed on a l l  nights of  

the 1971~72 Saturn ap p a r i t io n  except fo r  a few nights in 1971 Sep 

and Oct; +18°623 was measured on these l a t t e r  nights and on many
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Table XIV

Comparison sta rs  fo r  Saturn s a t e l l i t e s .

Observing period S tar  V B-V U-B

1970 HR 1036 6.54 0.165 0.07

1970 HR 1110 6.15 0.965 0.74

1970 Dec 31 +13°494 7.835 1.05 0.79

1971 Sep -  1972 Jan +18°623 7.43 0.56 0.065

1971 Nov -  1972 Mar +17°703 7.515 0.685 0.225

1971 Nov a 11.655 0.855 0.50

1972 Dec -  1973 +20°863 7.97 0.74 0.25

aa = 4h11m25S, 6 = + I 8 ° 5 5 l i» (1950 .0)  

A l l  photometry from the Appendix.
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l a t e r  occasions.  The 11T6 anonymous s ta r  was included to  a l low  

frequent measurement o f  Phoebe without having to  move d i r e c t l y  to  

th a t  l6 m ob ject  from a comparison s ta r  nine magnitudes b r ig h t e r ,  

during the K i t t  Peak run in 1971 Nov.

On about h a l f  o f  the nights when Saturn s a t e l l i t e s  were 

observed, UBV standards (see ch. V:B) and/or  stars  in the Pleiades  

or Praesepe were a lso observed. The s tars  l i s t e d  in Table XIV are  

wel l  t i e d  in w i th  the UBV system and w i th  each o the r .  However, i t

should be pointed out th a t  fo r  the Hyades members +17°703

(van Bueren 23) and +18°623 (vB 31) the magnitudes given in the 

t a b le  are a few hundredths b r ig h te r  than in the Hyades photometry 

of Johnson and Knuckles (1955).  The p o s s i b i l i t y  tha t  fo r  th is  

reason my magnitudes fo r  Saturn s a t e l l i t e s  are sys tem at ica l ly  too 

b r ig h t  by about o1102 is discussed in d e t a i l  in the T i ta n  and 

lapetus sections.

E. The inner Saturn s a t e l l i t e s .

Photometry o f  Mimas, Enceladus, Tethys,  Dione,  and Rhea is 

hampered by t h e i r  closeness to  the b r ig h t  p la n e t ,  aggravated by

the complicated sky background due to the r ing system. Rhea is

b r ig h te s t  and a lso fu r th e s t  from Saturn,  and a l l  photometry o f  th is  

s a t e l l i t e  agrees in making i t s  Vq « < 9 .7  and in noting that  the  

leading side (presented a t  eastern e longation (EE) ) ,  is b r ig h te r  

than the t r a i l i n g  side by approximately olV (P icker ing 1879,
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Guthnick 1914, G ra f f  1924, Harr is  1961, McCord e t  a l . 1971, B l a i r  

and Owen 1974, Noland e t  a l .  1974). The e x is t in g  photometry of  

Oione is a lso  f a i r l y  accordant (same r e f .  as fo r  Rhea; a lso  Franz 

and Mi 11 is 1973); Vq fis 10.4 and the l i g h t  curve again has a 

maximum a t  EE and an amplitude at  least  as large as that  o f  Rhea. 

Tethys ( r e f .  as fo r  Dione) is s l i g h t l y  b r ig h te r  than Dione,  with  

Vq 10 .2 ,  bu t,  being c loser  to Saturn,  is more d i f f i c u l t  to 

observe; l i k e  Rhea and Dione i t  is probably s l i g h t l y  b r ig h te r  at  

EE than a t  WE. Enceladus, s t i l l  f a i n t e r  and c loser  to  the p la ne t ,  

was observed p h o t o e le c t r ic a l l y  by Harr is  on two nights and by 

Franz and M i l l i s  on several n ights .  The l a t t e r  f in d  the s a t e l l i t e  

b r ig h te r  by about 0?4 a t  WE. This surpr is ing  re s u l t  f inds  some 

support in o lder  visua l  photometry (P icker ing 1879, Lowell 1914).  

No r e l i a b l e  photometry o f  Mimas is a v a i l a b le .

Enceladus was measured bythe  w r i t e r  on two nights in 1971 Nov 

(Table XV). On both occasions the symmetrical sky method was 

used, supplemented by fu r t h e r  sky measures in the v i c i n i t y  o f  the  

s a t e l l i t e .  The r e p e a t a b i l i t y  o f  the d e f lec t io n s  was good and the  

uncer ta in ty  in the re s u l t  is l a rg e ly  due to the modeling o f  the 

sky background, fo r  which the procedures ou t l ined  in ch. V:C were 

employed but found at  the l i m i t  of  t h e i r  usefulness.  I t  is d i f f i 

c u l t  to give  meaningful m.e. est imates; the approximate maximum 

errors  compatible wi th  any p h y s ica l ly  reasonable sky d i s t r i b u t i o n  

f i t  to the sky observations are given.  I t  is u n l i k e l y ,  however, 

th a t  the actual  e r rors  are la rger  than 0™2 unless some mistake
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Table XV 

New Enceladus photometry.

UT date V B U max. V a 0o o o errors

1971 Nov 8.20 11.40 12.11 12.39 +0 .40  2?07 107c
- 0 .4 0

Nov 10.28 11.55 12.23 12.52 +1 .5  1.85 277
-0 .2 5

Mean co lo rs :  B-V = 0 .70  ± .02

U-B = 0 .28  .01

Mean opposit ion dis tance: a = 9•54 AU, A = 8 .5 4  AU
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was made during the observations (such as recording erroneous 

coordinates fo r  a sky measurement). The colors are r e l a t i v e l y  

in s e n s i t ive  to  the sky model, and since the agreement is good 

between the two n ig h ts ,  the UBV colors  o f  Enceladus are  probably 

s a t i s f a c t o r i l y  determined. The very blue B-V = 0 .62  given by 

Harr is  is not substan t ia ted .

The agreement o f  Vq is poor among the reported PE photometry 

of  Enceladus. Exact dates o f  H a r r i s '  observations are not known; 

only the years are given (1951 and 1956).  His Vq = 11.77 is 

somewhat f a i n t e r  than the minimum (a t  EE) according to Franz and 

M i l l i s ,  which is a t  Vq 11.65.  Perhaps the northern hemisphere 

of the s a t e l l i t e  has lower albedo than the southern; the Earth was 

north of  Enceladus1 o r b i t a l  plane in 1951 and 1956. The observa

t ion  a t  EE in Table XV is o1*15 b r ig h te r  than the observation at  

WE, but the uncer ta in ty  is large .  However, my WE observation can 

only wi th  d i f f i c u l t y  be contr ived to  be as b r ig h t  as the Vq SS 11.25 

of  Franz and M i l l i s .  More observations w i l l  be needed to s e t t l e  

the question o f  Enceladus1 l i g h t  curve.

Usable observations of  Tethys were obtained on e ight  nights ;  

some are of  very low accuracy. The observations are given in 

Table XVI.  The m ater ia l  is c l e a r l y  too small fo r  a determination  

of the l i g h t  curve,  since most observations are  c luste red  near EE.

The d i s t r i b u t i o n  w i th  so lar  phase angle is s a t is f a c t o r y .  From Fig .  7 

i t  is seen th a t  Bg is wel l  determined a t  oToS/deg, w h i le  By and By 

are more uncerta in  but o f  the same order as Bg. Observations in
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Figure 7. Magnitudes versus phase angle fo r  Tethys.  Open symbols 
ind ica te  very uncerta in  observations (e s t .  m.e. 0T15).  C i rc les  
are data from the western h a l f  o f  the o r b i t ,  squares data from the  
eastern h a l f .
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Table XVI 

New Tethys photometry.

UT date Vo Bo Uo est
V

. m, 
B

,e.
U

a 0' Method

1970 Oct 4.-31 — — 11.39 - - 5 4? 13 259° cd

Nov 8.30 10.02 10.81 11.16 18 7 5 0.51 93 cd

Dec 31.12 10.24 10.97 11.23 3 3 4 4 .94 90 ss,  scan

1971 Sep 21.40 10.16 11.01 11.07 15 10 9 5.91 65 ss ,cd

Nov 7 .44 10.09 10.87 11.19 4 3 5 2.16 38 ss

Nov 13.33 10.13 10.83 11.11 1 1 2 1.50 82 ss

1972 Jan 20.20 10.20 10.91 - 4 5 - 5 .37 69 cd

Jan 21.10 10.23 10.93 11.21 4 4 4 5.42 241 cd

Mean opposit ion d is tance: a = 9.54 AU, A = 8 .54  AU
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a l l  th ree co lo rs ,  reduced to a = 0 using 3 = o l ^  deg, are combined 

in to  the fragmentary l i g h t  curve in Fig .  8. The prominently d i s 

cordant points are from 1970 Oct *4 and 1971 Sep 21 (both in U ) ; 

they were obtained w i th  the Indiana 16-inch te lescope,  w i th  which 

th is  close s a t e l l i t e  is d i f f i c u l t  even under good condi t ions.  No 

v a r ia t io n  wi th  o r b i t a l  phase is suggested by F ig .  8 ,  but in view 

of the few points in the western h a l f  o f  the o r b i t  a v a r i a t i o n  of  

small amplitude is c e r t a i n l y  not excluded, p a r t i c u l a r l y  i f  the 

extrema are not a t  the e longat ions.  A ro ta t io n  ra te  s l i g h t l y  higher  

than the o r b i t a l  r a te  was found by Franz and Mi 11 is to g ive a some

what b e t te r  f i t  to t h e i r  observations than the l i g h t  curve based on 

the synchronous r a t e ,  but the s c a t te r  o f  t h e i r  points is apprec iable  

in e i t h e r  case.  Noland e t  a l .  (197*0 f in d  an amplitude o f  about O1? 15 

wi th maximum at  EE.

Tethys1 mean opposit ion  magnitudes (assuming the ro ta t io n a l  

v a r ia t io n  to be n e g l ig i b l e ,  g iv ing lower weight to  the poorest  

observations ,  and excluding the above-mentioned d iscrepant  measure

ments) are Vq = 10.06,  Bq = 10.79,  Uq = 11.09,  and thus the colors  

B-V = 0 .73  and U-B = 0 .3 0 .  The magnitudes are about oTl b r ig h te r  

than the values of  Harr is  and Noland e t  a l . ,  possibly  because my 

data are concentrated around EE. I f  included, the U observat ion on 

1970 Oct ** would increase UQ and U-B by 0T0 3 .

The new observations of  Dione are l i s t e d  in Table X V I I .

P lo t t in g  the magnitudes versus ro ta t io n a l  phase reveals  a v a r i a t io n  

with  amplitude * *  0?4; the maximum is near 0 1 = 90° .  The so la r  phase
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angle coverage is good except fo r  an empty in te rva l  2?2 < a < 4 ° .  

Magnitudes ^ 0 »®0 »^0 ) are p lo t ted  versus so la r  phase angle in Fig .  9; 

the magnitudes have been approximately compensated fo r  the ro ta t io n a l  

v a r ia t io n  by adding +0T20 sin 0 ' .  Both the low a (< 2?2) and the  

high a (>*t°) groups of observations in both V and B contain about 

equal ly  many data points from the eastern (O<0'<l8O°)  and western 

( l80°<©'<360°)  halves o f  the s a t e l l i t e  o r b i t .  Unfor tuna te ly ,  in U 

a l l  the points near EE have small a,  and a l l  but one of  the points  

near WE have large a. Therefore i t  is not possible to completely  

separate the v a r ia t io n s  in U due to r o ta t io n  and due to so lar  phase 

angle.  The phase c o e f f i c ie n t s  as ca lcu la ted  by least squares from 

the observations in Table X V I I  are given in Table X V I I I .  The r e a l i t y  

of  the surpr is ing  increase of  6 from U to V is ra ther  doubt fu l .

Because of  the in te rv a l  wi th  no data in the middle o f  the 

access ib le  range of  a ,  i t  is not c le a r  whether the phase function is 

in fa c t  a s t r a ig h t  l in e  over th is  range or whether a strong opposit ion  

e f f e c t  a t  less than a *+  3° is responsible fo r  the brightness  

d i f fe re n c e  between the a < 2° data and those a t  >**°. The l a t t e r  is 

the case fo r  Saturn 's  r ings (e .g .  Morrison and Cruikshank 197*0 > 

whose phase function f i t s  the present Dione data about as well  as 

the l in e a r  f i t .

Since data from the eastern and the western halves of  the o r b i t  

are shown with  d i f f e r e n t  symbols in Fig .  9,  i t  can be seen that  

3 does not d i f f e r  not iceably  between the two sides of  the  

s a t e l l i t e .  A l l  observations have been reduced to a = 0 and
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Figure 9. Magnitudes (corrected f o r  ro ta t io n a l  v a r i a t i o n )  versus 
phase angle f o r  Dione. Open symbols ind ica te  observations with  
e s t .  m.e. 5* O^IO. C i rc le s  are  data from the western h a l f  o f  the  
o r b i t ,  squares are  data from the eastern h a l f .
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Table XV I I  

New Dione photometry.

UT date V B U e s t .  m.e. a 0 Method
O O O it d ii

1970 Sep 28.32 10.71 11 .36 - 12 15 - 4?61

OCM ms, cd

Sep 29.30 10.28 11 .00 11 .26 5 5 5 4.54 81 cd

Oct 4.30 10.22 11 .15 11 .46 15 12 15 4.13 19 cd

Nov 6.31 9.97 10 .73 - 8 10 - 0.72 44 cd

Nov 8.32 10.43 11 .15 11 .46 8 12 10 0.52 308 cd

1971 Sep 21.40 10.71 11 .48 - 6 6 - 5.92 236 ss

Nov 7.36 10.50 11 .22 11 .58 3 3 3 2.17 296 ss

Nov 13.44 10.45 11 .10 11 .46 7 9 12 1.50 16 ss

Nov 18.51 10.40 11 .18 11 .56 3 6 15 0.91 324 ss

1972 Jan 12.22 10.66 11 .08 - 15 15 - 4.85 324 cd

Jan 16.14 10.35 11 .01 - 4 4 - 5.12 120 ss, cd

Jan 20.21 10.64 11 .33 - 3 4 - 5.37 295 ss, cd

Jan 21.09 10.37 11 .09 11 .40 6 6 9 5.41 51 ss, cd

Mar 1.10 10.79 - - 5 - - 6.81 273 ss

Mar 5.13 10.32 11 .01 - 4 4 - 6.10 83 ms

Mean opposit ion  d is tance: a = 9.5*1 AU, A =» 8 .54  AU
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Table X V I I I  

Dione phase functions

Magnitude g ± s .e .  m ± s .e .  Observations
i ncluded 

(Tab. X V I I )

V + 0T20 sin 0 ' 0.054  ± .012 10.23 ± .05 a l lo

.054 .006 10.22 .03 m.e. < 0?07

B + 0 .20  sin o' .043 .012 10.97 .05 a l lo

.033 .010 11.04 .05 m.e. < 0.10

U + 0 .20  sin ©' .036® .017 1 1 . 37a .06 a l lo

d IU u n r e l ia b le  because of c o r r e la t io n  between a and 0 .
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combined into the l igh t  curve in Fig.  10. The average deviation of 

points from the f i t t e d  sine curve is about 0 ^ 0 7 ,  which is also typical  

for  the estimated m.e. o f  individual observations. The amplitude of  

the f i t t e d  curve is oTljO. This amplitude is in agreement with Franz 

and Mi 11 is (1973) but is larger than found by Noland et  a l .  (197*0 

and smaller than reported by B la i r  and Owen (197**). I t  is p a r t ic u la r ly  

disturbing that  Noland et  a l .  f ind both a much smaller amplitude and 

a much smaller 6 than I do, even though the size and phase d i s t r i 

bution of th e i r  observational material  is about the same as mine.

The mean opposition magnitudes are given in Table X V I I I ,  but

because of  the change of g from V to U the colors obtained from Vq ,

B , and U are redder than the B-V and U-B actua l ly  observed. The o ’ o '

mean B-V is 0 .7 1 .  There is a suggestion of  v a r i a t io n  of  B-V with  

r o ta t io n a l  phase; excluding the poorer observations (m.e. o f  B or 

V >  o T lO ) , the leading side has B-V = 0 .69  ± .02 (m.e. o f  mean; mean 

so lar  phase angle fo r  the f i v e  observations included is 4 ° 5 ) ,  whi le  

the t r a i l i n g  s ide has 0.7** ± .02 ( four  observat ions; mean a 3 °6 ) .

The three best U-B observations give  a mean of  0 .31 ;  the mean o f  a l l  

U-B measurements is 0.33 ± .02 .  The agreement w i th  the colors  

measured by Harr is  (1961) is e x c e l l e n t .  B l a i r  and Owen (197**) 

f in d  a much redder B-V (0 .82 )  but the s c a t t e r  in t h e i r  data is large ,  

and t h e i r  photometry is not exa c t ly  on the UBV system. My magnitude 

fo r  Dione is in good agreement w i th  a l l  a v a i l a b le  PE photometry i f  

allowance is made fo r  the large g found here.

Good observations of Rhea were obtained on 26 nights, and are
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Table XIX 

New Rhea photometry.

UT date Vo B0 Uo est
V

• m ■ © • 
B U

a 0 1 Method

1970 Sep 11.36 9.83 10.62 11.00 4 4 4 5?69 314° ms

Sep 12.33 9 .74 10.44 10.80 4 6 7 5.64 31 ms

Sep 29.30 9 .74 - 10.92 12 - 10 4 .54 304 cd

Sep 30. 42 9.73 10.42 11.02 11 3 10 4.46 34 cd

Oct 1.3** 9.57 10.37 - 9 10 - 4 .38 107 cd

Oct A .36 9.87 10.62 11.11 8 6 6 4.12 348 cd

Oct 5.28 9.78 10.48 10.88 10 7 5 4.05 61 cd

Oct 30.30 - 10.51 - - 4 - 1.50 257 cd

Nov 6.24 9.39 10.15 10.52 4 4 8 0.72 91 cd

Nov 8.32 9 .54 10.38 - 10 7 - 0 .50 256 cd

Nov 17.16 9.59 10.38 10.81 5 6 8 0.68 242 cd

Nov 21.25 9.59 10.37 10.82 10 9 11 1.13 208 cd

Dec 6.15 9 .86 10.68 11.16 4 3 5 2.76 316 cd, ss

Dec 7.16 9.71 10.42 10.84 6 4 5 2.86 36 cd, ms

1971 Sep 21.40 9.82 10.60 10.90 3 3 5 5.91 307 cd, ss

Oct 8.42 9.90 10.66 11.00 2 2 5 4.96 223 ms

Nov 7.30 9 .62 10.39 10.75 2 2 3 2.18 86 ss

Nov 13.38 9.69 10.45 10.82 2 2 3 1.50 211 ms

Nov 18.52 9.71 10.51 10.96 2 2 4 0.91 261 ss

(continued)
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Table XIX 

( c o n t . )

UT date Vo Bo uo est
V

. m, 
B

,e.
U

a 0' Method

Jan 11.18 - 10.70 - - 10 - 4?76 222° ss

Jan 12.20 9 .76 10.55 10.93 2 2 3 4.84 303 ss, cd

Jan 16.15 9 .83 10.62 - 1 1 - 5.12 257 ss,  cd

Jan 18.13 9.67 10.44 - 2 2 - 5.25 55 ss

Jan 20.23 9 .78 10.52 - 2 3 - 5.37 223 s s , cd

Jan 21.07 9 .83 10.62 11.02 2 2 3 5.42 289 ss

Mar 1.10 9.88 - - 4 - - 6.18 238 ss

Mean opposit ion  d is tance: a = 9 .5 4  AU, A = 8 .5 4  AU
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l i s t e d  in Table XIX.  The l i g h t  v a r ia t io n  found by several e a r l i e r  

observers is c l e a r l y  ind ica ted ,  w i th  the leading side (seen a t  EE) 

the b r ig h te r  b y ^ O 1!^.  The magnitudes, corrected fo r  ro ta t io n a l  

v a r ia t io n  by adding +0?10 sin 0 1, are  p lo t te d  versus a in F ig .  11.

As fo r  Dione,  i t  is not c le a r  whether the phase function is l in e a r  

over the range covered,  or whether i t  is curved in the manner o f  the  

phase curve o f  Saturn's  r ings .  The argument fo r  the l a t t e r  i n t e r 

p re ta t io n  depends strongly  on the observations a t  very small phase 

angle made in 1970 Nov; w h i le  some of  these are o f  low accuracy 

t h e i r  accordance is s t r i k i n g .  The least -squares l in e a r  f i t s  are  

given in Table XX. The 3 values determined from the high-accuracy  

observations made a t  K i t t  Peak and McDonald are  much smal ler  than 

those determined from the whole observat ional  m a t e r ia l ,  but include  

only one observat ion a t  a < 1°.  In any case the s c a t t e r  o f  the

points  is dismayingly la rg e ,  suggesting tha t  the errors  are  g en era l ly

la rger  than the estimates in Table XIX.  The best tha t  can be said

about the phase c o e f f i c ie n t s  is th a t  3y, 3g, and 3  ̂ are  a l l  o f  the

order o f  oTo3/deg i f  the phase function is l i n e a r .

The mean opposit ion magnitudes from the least squares f i t s  

are  found in Table XX; i f  instead 3 = oToS/deg is used, Vq = 9 .5 9 ,

Bq -  10.36,  and Uq = 10.78,  using a l l  observat ions , and p r a c t i c a l l y  

the same i f  data w i th  m.e. > 0T03 are excluded. The mean colors  

are  B-V = 0 .77  ± .01 (m.e. o f  mean) and U-B = 0.h2  ± .01 using a l l  

observations l i s t e d  except the very discrepant 1970 Sep 30; excluding  

those fo r  which estimated magnitude errors  exceed 0T03 y ie ld s
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o r b i t ,  squares data from the eastern h a l f .
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Table XX 

Rhea phase functions

Magnitude g ± s .e .  m ± s .e .  Observations
(mag/deg) °  (Tab. XIX)

Vq + oTlO sin ©' 0 .044  ± .009 9 .54  ± .04 a l l

.021 .006 9 .62  .03 1971 Nov, 1972 Jan
(e x c l .  Jan 11)

Bq + 0.10  sin 0'  0.041 .008 10.33 .03 a l l

.019 .007 10.40 .03 1971 Nov, 1972 Jan
(e x c l .  Jan 11)

U + 0 .10  sin ©' 0 .036  .014 10.76 .03 a l lo

.018 .012 10.80 .04  1971 Nov, 1972 Jan
(e x c l .  Jan 11)
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0.78  ± .01 and 0 .3 8  ± .01 .  The Indiana U-B observations give  a 

la rger  U-B than the o u t - o f - s t a t e  observat ions,  and since they are  

ge nera l ly  o f  lower accuracy the f ig u r e  U-B = 0 .38  is adopted here.  

Agreement is good w i th  a l l  other published mean UBV colors fo r  Rhea.

There is no d is c e r n ib le  dependence of  colors  on a in th is  

m a te r ia l .  The co lor  versus 0 1 p lo ts  o f  Fig .  12 suggest tha t  B-V 

is s l i g h t l y  b luer  a t  EE than a t  WE. The amplitude of  the B-V 

v a r ia t io n  may be about 0T0 5 . No v a r i a t i o n  of  U-B is apparent,  but 

the s c a t t e r  is large  and a v a r ia t io n  of  oToS could c e r t a i n l y  remain 

undetected.  Magnitudes versus 0* are a lso p lo t te d  in Fig.  12.

Because o f  the possible  presence of  an opposit ion e f f e c t  only 

observations a t  a > 1° are p lo t te d .  The s c a t t e r  is la rge ,  there  

are few h ig h - q u a l i t y  observations in the eastern h a l f  o f  the o r b i t ,  

and the amplitude is not wel l  de f ined .  The curves drawn in the 

f ig u re  have amplitudes of  o T l5 (V) and ol^O ( B ) , in reasonable 

agreement w i th  o ther  dete rminations.

I t  is c le a r  th a t  the photometric behavior of  the inner Saturn 

s a t e l l i t e s  requires more observations of  good accuracy f o r  a f u l l y  

s a t is f a c t o r y  d e s c r ip t io n .  The compi lat ion in Table XXI shows, 

however, th a t  there  is substant ia l  agreement about the mean magnitude 

and colors fo r  Rhea, Dione,  and Tethys.  The p r in c ip a l  disagreeing  

datum is B l a i r  and Owen's (197*0 determination of  B-V fo r  Dione. I 

have one observing date  in common wi th  B l a i r  and Owen (1971 Nov 18);  

on th is  date I obtained B-V = 0 .78  ± .06 .  Except fo r  th is  observation  

and a few other  low-accuracy ones, my data are p la in l y  incompatible
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the magnitudes involved.  In the U-B p lo t  squares ind ica te  observa 
t ions from McDonald or K i t t  Peak.
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with  B-V as large as 0 .8 0 .  Since my B-V fo r  Dione a lso agrees wi th  

th a t  obtained by H a r r is ,  the data o f  B l a i r  and Owen are probably in 

e r r o r .  The magnitudes according to McCord e t  a l .  (1971) are taken 

from f igures  in tha t  re fe rence ,  and the d e t a i l s  o f  the transformat ion  

to the UBV system are  unknown. Observations o f  Rhea and T i tan  in 

1968/69 by Blanco and Catalano (1971) and Veverka (1970) suggest tha t  

a correc t ion  of  about +0lT l5 w i l l  transform the magnitudes of  McCord 

e t  a l .  to Vq . The photometry o f  Blanco and Catalano as given in 

t h e i r  paper su f fe rs  from minor reduction er rors  (Blanco and Catalano,  

p r iv a te  communication 197*0; revised values are given in the t a b le .  

(See the Appendix fo r  comments on t h e i r  comparison s t a r s . )

The amplitude of  Rhea's ro ta t io n a l  l i g h t  v a r i a t io n  is f a i r l y  

wel l  determined, whi le  there is s t i l l  some uncer ta in ty  f o r  Dione 

and more so fo r  Tethys and Enceladus. I f  the axes of  ro ta t io n  of  

these s a t e l l i t e s  are perpendicular  to the r ing plane,  the amplitude  

would be roughly proport iona l  to cos B. Since 0 .9  jS cos B ^  1, 

the amplitude w i l l  vary by *v10%. With b e t t e r  photometry th is  

e f f e c t  should be de tectab le  f o r  Rhea and Dione.

The phase c o e f f i c i e n t s  over the range 1° < a  ^  6° are of  the 

order o f  oToS/deg fo r  Tethys,  Dione,  and Rhea. Dione's are la rg e s t ,  

in c o n f l i c t  wi th  the f ind ings  of Noland e t  a l .  (1971) who f ind  

smal ler 8 fo r  Dione than fo r  Rhea. Since only phase angles jS 6° 

are  access ib le  fo r  Saturn,  i t  is not possible to say whether these  

ra ther  large phase c o e f f i c i e n t s  r e f l e c t  the slope o f  the l i n e a r  part  

of  the phase func t ion ,  or whether they are  inf luenced by an opposit ion



Saturn's  inner s a t e l l i t e s :  photometry summary.

Reference Enceladus Tethys Dione Rhea B

Obs. Year(s) Vo 
A V

B-V

U-B

Vo 
A V

B-V

U-B

Vo 
A V

B-V

U-B

V0 
A V

B-V

U-B
range

Harr is  (1961) 11.77 0.62 10.27 0.73 10.44 0.71 9.76 0.76 + 2°

1951, - 5 3 ,  -56 - - - 0.3** - 0.30 -0 .2 0 0.35 +25

Blanco S Catalano (1971,  
p r iv .  comm. 197*0 9.68 0.77 -11

1968, -6 9 /70 -0 .2 3 0.37 -18

McCord e t  a l . (1971) 10.15a - 10.273 - 9 .56 a - -11

1968 - 0 . 2 : - - 0 . 2 : - - 0 . 2 - -18

B la i r  & Owen (197**) 10 .30b 0 .75 b 1 0 .4b 0 .8 2 b 9 .7 1 b 0 .7 8 b -24

1971/72 0 .0 : 0 . 32b - 0 . 6 0 .2 7 b - 0 . 2 0 . 38b -25

Franz & Mi 11 is (1973) 11.55 - 10.2 - 10. 1* - -24

1971/72,  -72 /73 +0.** - - 0 . 1 : c - - 0 . 4 - -27

Noland e t  a l .  (197**) 10.28d - 1 0 . 4 l d - 9 .7 4 d - -26

1972/73 - 0 .1 6 - - 0 . 2 - -0 .1 9 - -27

th is  thesis 11.5: 0.69 10.15 0.73 10.38 0.71 9.68 0 .78 -21

1970, -71 /72 - 0.28 0 .0 : 0.30 - 0 . 4 0 0.31 -0 .1 5 0.38 -25

(continued)



Vq is reduced to  a = 3° where the phase angles o f  the observations are known. AV is the  

amplitude of  the ro ta t io n a l  l i g h t  v a r i a t i o n ,  negative i f  the maximum is in the eastern  

h a l f  o f  the o r b i t .

anarrowband photometry; probable correc t ion  to V e t  +oT l5.

^photometric system close to  but not id en t ica l  to UBV.

Cpossibly non-synchronous w i th  AV *«*

\  o f  StrOmgren uvby system, approximately transformed to V.

Last column = approximate extremes of Ear th 's  s a t u rn ic e n t r ic  l a t i t u d e  B re fe rred  to  the
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e f f e c t  extending past a = 6 ° .  There is some in d ica t io n  o f  a d d i t io n a l  

br ightening  a t  a < 1° f o r  these three s a t e l l i t e s ,  but th is  statement  

depends la rg e ly  on the observations in 1970 Nov, which are mostly of  

very low accuracy.

F. T i t a n .

The new photometry o f  T i ta n  is given in Table X X I I .  I t  is 

immediately evident from the near-constancy o f  Vq that  both the  

r o ta t io n a l  v a r i a t io n  and the phase c o e f f i c i e n t  must be smal l .  Fig.  13 

shows magnitude and colors p lo t ted  versus ro ta t io n a l  phase (assuming 

synchronous r o t a t i o n ) .  No v a r ia t io n  is d is c e r n ib le .  P lots were also  

made o f  Vq versus 0 1 (not shown) fo r  t ime in te rv a ls  o f  about a month 

each to check fo r  s h o r t - l i v e d  r o ta t io n a l  v a r i a t i o n s .  None were 

ev ide n t .  Since f a i n t  and probably non-permanent markings have been 

seen on T i t a n 's  d isk  ( the diameter o f  which is about one arcsec) by 

the French observers (D o l l fus  1961),  measurable v a r ia t io n s  in magni

tude or colors might be expected; the observations show tha t  any such 

v a r ia t io n  has an amp 1 i tude i L  01*02 i f  permanent and ^  O^OS i f  las t ing  

through a t  least  two or three revolutions of  T i ta n .

T i t a n ' s  phase c o e f f i c i e n t s  are  very small ;  Noland e t  a l .  (197*0 

give values ranging from oToOI/deg in the near in f ra red  to 0 l*0 lVdeg
O

a t  3500 A. Least squares so lut ions fo r  the 3 's  from my photometry 

are given in Table X X I I I .  The materia l  was fo r  th is  purpose divided  

in to  three  groups; v i z . ,  Indiana observations w i th  the "o ld"  f i l t e r
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Table XXII 

New Titan photometry.

UT date V0 B-V U-B e s t .
V B-V

6 *
U-B

a 0' Obs.

1970 Sep 11.33 8.28 1.29 0 .74 2 1 2 5?69 338° Go

Sep 12.32 8.28 1.26 0.76 3 3 2 5.64 0 Go

Sep 29.25 8.30 1.27 0.77 3 2 4 4.54 23 Go

Sep 30.42 8.31 1.25 - 2 2 - 4.46 49 Go

Oct 1.30 8.32 1.31 0 .76 3 2 4 4.38 70 Go

Oct 4.34 8.28 1.27 0.75 2 2 2 4.13 139 Go

Oct 5.25 8.31 1.29 0.77 3 2 2 4.05 159 Go

Oct 27.26 8.28 1.275 - 3 1 - 1.83 298 Go

Oct 30.28 8 .28 1.29 - 2 2 - 1.50 6 Go

Nov 6.24 8.25 1.27 0.76 3 2 3 0.72 164 Go

Nov 8.19 8.27 1.26 0.77 5 2 2 0.50 208 Go

Nov 17.09 8.28 1.27 0.74 2 1 2 0.67 49 Go

Nov 21.24 8.27 1.26 0.75 2 1 2 1.13 143 Go

Dec 6.10 8 .27 1.29 0.76 1 1 1 2 .75 120 Go

Dec 7.12 8 .28 1.28 0.76 2 2 2 2.85 143 Go

1971 Sep 14.40 8.28 1.30 0.77 2 2 5 6.16 353 Go

Sep 21.43 8.29 1.265 0.80 2 1 4 5.91 151 Go

Sep 22.42 8.29 1.27 0.76 3 2 2 5.85 174 Go, n

Sep 24.31 8 .26 1.2 7 0 .74 2 2 2 5.79 216 Go, n

Sep 25.23 8.27 1.265 0.78 3 1 2 5.75 237 Gn

Sep 30.32 8 .27 1.30 0.77 3 2 2 5.47 352 Gn

Oct 1.27 8 .34 1.28 0.84 2 3 5 5.41 14 Gn

Oct 8.41 8.30 1.275 0.79 1 1 2 4.96 175 Gn

Oct 31.28 8 .26 1.27 0.78 2 2 2 2.93 333 Gn

Nov 7.48 8.32 1.275 0.75 3 1 2 2.16 136 K

Nov 8.32 8.29 1.28 0.76 4 1 2 2.07 155 K

Nov 13.35 8.28 1.265 0.74 1 1 1 1.50 269 K

(continued)



Table XXII 

New T itan  photometry, 

(c o n t 'd . )

UT date V B-V U-B e s t .  im.e. a 0' Obso V B-V U-B

Nov 18.2^* 8.28 1.28 0.71 1 1 2 o ° s k 20° K

Dec 12.32 8.27 1.265 0 .78 1 1 3 1.93 205 Gn

Jan 11.16 8 .29 1.30 0 .73 2 2 2 4.76 161 M

Jan 12.22 8 .29 1.28 0.76 2 3 2 4.85 185 M

Jan 15.14 8.30 1.27 - 1 1 - 5.05 251 M

Jan 16.12 8.29 1.27 - 1 1 - 5.12 273 M

Jan 18.13 8.31 1.27 - 1 1 - 5.25 318 M

Jan 20.19 8.29 1.28 - 1 1 - 5.37 5 M

Jan 21.09 8.28 1.29 0 .78 1 1 1 5.^2 26 Mn

Feb 20.06 8.30 1.29 0.80 2 2 2 6.26 342 Gn

Feb 27. 12 8.31 1.31 - 3 3 - 6.22 141 Gn

Mar 1.08 8.28 1.31 0.78 2 2 1 6.18 208 Gn

Mar 5.12 8 .27 1.31 - 2 2 - 6.10 299 Gn

Mar 6.13 8.30 1.30 - 2 1 - 6 .07 321 Gn

Mar 9 .04 8.30 1.28 0.79 3 3 k 5.99 27 Gn

Mar 12.05 8.28 1.29 0 .78 2 1 2 5.90 95 Gn

Mean opposit ion dis tance: a = 9 .54  AU, A = 8 .54  AU.

Obs.: Observatory and f i l t e r  set  ( c f .  ch. V:A)

G Goethe Link Obs.

K K i t t  Peak N a t l .  Obs.

M McDonald Obs. 

o "o ld"  Indiana f i l t e r  set
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Table X X II I

T itan : magnitudes, colors, phase co e ff ic ien ts

Quant ity  Reduced to 0 ± s .e .  Zero po in t  c o r r .  n
a=0±s.e .  mag/deg to Indiana data

"o ld"  "new"

Vo 8.275±005 0.0036

Bo 9.542 008 .0054

U ("o ld")  o 10.287 012 .0085

U (o ther)  o 10.276 021 .0125

B-V 1.268 006 .0023

U-B ("o ld") 0 .755 009 .0011

U-B (o ther ) 0 .760  011 .038

Vo 1971 Oct 1,

Bo 1970 Oct 1;

Uo 1970 Oct 1;

B-V none

U-B 1971 Oct 1

0012 +0.005 +0.01 41

0016 +0.005 0 .00  42

0029 -  -  14

0043 -  -0 .01  16

0012 0 .00  -0 .00 5  45

0020 -  -  16

0024 -  -0 .025  17

Nov 7

1971 Oct 1, Nov 7 

1971 Sep 24,  Oct 1
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Figure 14. T i ta n  magnitude and colors versus so lar  phase angle.  
The symbols have the same meanings as in Fig .  13. The corrections  
in Table X X I I I  have not been app l ied .
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s e t ,  Indiana observations w i th  the "new" f i l t e r  s e t ,  and Texas 

and Arizona observations.  (For d e t a i l s  o f  f i l t e r s  and photometers,  

see ch. V :A . )  Mean magnitudes and colors and approximate phase 

c o e f f i c i e n t s  were der ived fo r  each group and zero po int d i f fe re nce s  

between the Indiana data and the o u t - o f - s t a t e  group were determined.  

A f t e r  applying the zero point corrections to the Indiana da ta ,  

phase c o e f f i c i e n t s  were determined fo r  the combined m a t e r ia l .  The 

"old f i l t e r "  U-B and U were not combined w i th  the other  two groups 

of U-B and U data because of  the somewhat la rger  e f f e c t i v e  wave

length o f  the "o ld" U f i l t e r  than the standard U wavelength,  and 

the r e l a t i v e l y  strong wavelength dependence of  T i t a n ' s  8 in the  

u l t r a v i o l e t .  A l l  the q u a n t i t i e s  in Table X X I I I  were t rea ted  inde

pendently and the number o f  data points enter ing in the least  

squares so lu t ion  was not the same fo r  a l l  the q u a n t i t i e s  (column 

headed n ) , so the resu l ts  do not e xa c t ly  "add up"; 3„ + 8D .. is notV D“ V

equal to 3g, fo r  example. A so lu t ion  fo r  the 3 1s w i th  the c o nst ra in t  

equations 8y + Bg_v = Bg and 3g + 3y_g = By would perhaps have been 

p r e f e r a b le ,  but the resu l ts  would c e r t a i n l y  not d i f f e r  from the  

values in the ta b le  by as much as the standard e r ro rs  l i s t e d  there .

I t  should a lso  be emphasized tha t  because o f  the strong dependence 

of B on wavelength a t  the shorter  wavelengths,  not too much s i g n i f i 

cance should be attached to the exact value of  any broadband 

( e . g . ,  UBV) determination of  3y ; the 8 's  fo r  T i ta n  reported here 

serve mainly to confirm the narrowband resu l ts  o f  Noland e t  a l .  as 

regards the behavior o f  B with wavelength.
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The magnitude and colors a t  a=4° are very wel l  determined:  

Vo (a=4°) = 8.290±002 (formal m.e. o f  mean), B-V = 1.277±002,  and 

U-B = 0 .7 5 ±0 1 . The formal e r rors  are so small tha t  the true  

u n c e r t a in ty  o f  Vq and B-V is determined by the errors  o f  the  

adopted magnitudes and colors  o f  the comparison s ta rs .  There is no 

ind ica t ion  o f  any d i f f e r e n c e  between the 1970 and 1971/72 a p p a r i t io n s ,  

an important po int  in view of  the fo l lo w in g .

I t  was evident a lready a f t e r  the f i r s t  few observations of  

T i ta n  in 1970 Sep tha t  T i ta n  was b r ig h te r  than the Vq = 8 .39  given 

by Harr is  (1961).  However, PE photometry by various invest iga tors  

(Veverka 1970, Blanco and Catalano 1971) made from 1967 to e a r ly  

1970 confirmed H a r r is '  magnitude. In view of th is  previously  unknown 

long term v a r i a b i l i t y  o f  T i t a n ,  a l l  a v a i l a b le  q u a l i t y  photometry of  

T i ta n  was reexamined, beginning w i th  Wendell 's (1913) photometry o f  

T i ta n  and lapetus in 1896-1900 .  PE observations of  his comparison 

sta rs  were obtained in 1971 and are reported in the Appendix (s ta rs  

i d e n t i f i e d  by "13" in the Remarks column).

The 1896-1900 observations o f  T i ta n  are  l i s t e d  in Table XXIV. 

Wendell usua l ly  made two observations per night (each consist ing of  

four  s e t t i n g s ) ;  they are  combined in to  one entry  in the t a b le .

T i t a n ' s  r o ta t io n a l  phase was reca lcu la ted  fo r  each observation and 

should be accurate  to  b e t t e r  than 2 ° .  The Vq magnitude was 

ca lcu la ted  from

V = m + (V . -  m . ) + k ( ( B—V) . -  (B-V)t .„  ) +o o s ta r  s ta r  "  s ta r  T i tan

+Jl(m . -  mT ..  ) (1)' s ta r  T i t a n 7
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where mQ is the s a t e l l i t e ' s  magnitude a t  mean opposit ion  as derived

by Wendell (column 13 in his ta b le  X X I I ) ,  ms t a r  the magnitude fo r

the comparison s ta r  adopted by him (column k in his t a b l e ) ,  and

V  ̂ and (B-V) . the p h o to e le c t r ic  data f o r  the s t a r ,  taken from s t a r  s ta r  r  *

the Appendix. The value o f  the color  c o e f f i c i e n t  k was adopted as

0 .3 0 ,  taken from a p lo t  o f  (V . -  m . ) versus (B-V) . fo r  a l l' s ta r  s ta r  s ta r

the s ta rs  used by Wendell.  The p lo t  is shown in Fig .  15a. However,

since Wendell adopted m values from measurements w i th  anotherr s ta r

photometer than the one used fo r  the s a t e l l i t e  measurements, the

co lor  c o e f f i c i e n t  was a lso determined from the T i tan  observations

themselves under the assumption tha t  T i tan  was constant at  least

during the ind iv idua l  years.  The p lo t  o f  m + (V t “ m . )3 ' r  o s ta r  s ta r

versus (B-V) . i n  Fig.  15b, which uses the observations in 1899,
S L d  I

suggests th a t  k is somewhat less than 0 .3 ;  s im i l a r  resu l ts  are  

obtained from the other  years.  The value k = 0 .3 0  was re ta ined  

although the best value may be a few hundredths sm al le r .  The 

c o e f f i c i e n t ,  I ,  of  the magnitude scale term is poorly determined but 

i t s  amount must be q u i te  small ( ^ 0 . 0 5 )  since there  is no percep

t i b l e  c o r r e la t io n  between the magnitude of  the comparison s t a r  and

the V o f  T i ta n  in Table XXIV, where I  was assumed to be zero ,  o ’

The by f a r  f a i n t e s t  s ta r  w i th  which Wendell compared T i ta n  is 

-19°^37^; the s in g le  observation using th is  s ta r  gives a Vq which 

is 0T2 f a i n t e r  than average,  but the s ta r  is very red and the  

discrepancy could be due, e . g . ,  to v a r i a b i l i t y  in the s t a r .  On two 

nights Wendell compared lapetus w i th  two d i f f e r e n t  s ta rs  o f  w idely
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Figure 15A. D i f fe ren c e  between p h o to e le c t r ic  magnitude and magnitude 
adopted by Wendell ,  versus B-V c o lo r  o f  s t a r ,  fo r  Wendell 's comparison
s ta rs .  Open symbols ind ica te  s in g le  V measurement, or e s t .  m .e .^  Ô Ô t 
fo r  V. The s o l id  l i n e  has a slope o f  0 .3 0 .

Figure 15B. Magnitude (mv ) o f  T i t a n ,  corrected fo r  the d i f fe re n c e  
V-mv , versus B-V co lor  o f  the s t a r .  1899 data only ;  very uncerta in  
observations ( : :  in Table XXIV) excluded.



128

Table XXIV 

Wendell 's T i ta n  photometry

Year JD
241000+

Comparison
s ta r

m0 V a 
0 0' Rem.

1896 3672.74 - 1 4°4118 8 .20 8 .29  1?3 230°

3680.71 -1 4  4095 8.29 8 .34  0 .5 50

3691.75 -14  4085 8.43 8 . 36 : 0 .7 301 3

3721.66 -13 3994 8.33 8.23  3 .7 257

1897 4091.62 -17  4395 8.43 8 .42 :  2 .9 319 3

4099.69 -16 4122 8.32 8 .29  3 .6 140

4150.57 -16 4120 8.42 8.32 5 .8 208

1898 4448.68 -19  4381 8.27 8 .21 :  0 .9 83 2 ,4

4455.70 -19  4375 8 .34 8 .34  1.6 243

4456.71 -19 4375 8.28 8 .28  1.7 267

4462.72 -19 4374 8.66 8 .52 :  2 .3 42 4

4486.68 -19  4368 8.25 8 .30  4 .3 224

4487.70 -19 4368 8 .21: 8 .26 :  4 .4 248 1

1899 4790.69 -21 4648 8 .54 8 .35 : 2 .6 230 3

4792.66 -21 4641 8 .36 8.33 2 .4 275

4805.70 -21 4605 8.37: 8 . 38 : 1.1 210 1 ,3 , 4

4807.67 -21 4605 8.29 8 .30: 0 .9 255 3 ,4

4812.70 -21 4605 8 . 5 6 :: 8 .5 7 : :  0 .4 8 1 ,3 ,4

4819.64 -21 4594 8 .26 8 .2 3 : :  0 .3 167 3

4822.66 -21 4594 8.26 8 .2 3 : :  0 .6 235 3

4825.70 -21 4594 8 .24 8 .2 1 : :  0 .9 303 3

4827.64 -21 4594 8 .28: 8 .2 5 : :  1.1 346 1,3

4833.67 -21 4564 8.40 8 .28: 1.7 125 3

4835.66 -21 4564 8.46 8 .34 :  1.9 169 3

4836.68 -21 4564 8.36 8 .24: 2 .0 192 3

4837.65 -21 4564 8 .40 8 .28: 2.1 214 3

continued
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Table XXIV 

( c o n t ' d . )

Year JD
241000+

Comparison
s ta r

m0 V
0 a 0' Rem.

1899 4839.68 -21°4564 8.40 8.28 2?3 260° 3

4846.72 -21 4554 8.40 8.39 2 .9 58 3

4847.68 -21 4554 8.34 8.33 3 .0 81 3
4849.68 -21 4554 8.28 8.27 3.2 126 3

4850.68 -21 4554 8.33 8.32 3 .3 149 3
4851.68 -21 4554 8.30 8.29 3 .4 171 3
4854.62 -21 4554 8.34 8.33 3.7 237 3
4862.68 -21 4540 8.20 8 .27 4 .2 60

4863.67 -21 4539 8.23 8.31 4 .3 83

4864.69 -21 4539 8.20 8 .28 4 .4 106

4867.62 -21 4539 8 .28: 8.35 4.5 172 1

4875.61 -21 4540 8.21 8.28 5 .0 352

4881.58 -21 4540 8.17 8 .24 5 .3 129

4884.57 -21 4540 8.21 8.28 5 .4 197

4902.55 -21 4540 8.20 8 .27 5 .8 241

4903.56 -21 4540 8.25 8.32 5 .8 264

4904.56 -21 4540 8.23 8.30 5.8 287

4905.56 -21 4540 8.22 8.29 5 .8 309

4911.55 -21 4540 8.19 8 .26 5 .7 84

1900 5147.73 -22 4722 8.76 8.30 4.4 357 4

5162.71 -22 4702 8.68 8 .28 3.2 337 2 ,5

5175.71 -22 4655 8.58 8.29 1.9 271 2

5180.71 -22 4648 8.45 8.24 1.5 24 2 ,4

5191.69 -22 4613 8.36 8.11 0 .2 273 5

5194.71 -22 4619 8.67 8 .36 0.1 341 5

5201.75 -22 4597 8.36 8.26 0 .8 139

5206.63 -22  4581 8.27 8 .07 1.3 253 2 ,5

cont i nued
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Table XXIV 

( c o n t ' d . )

Year JD
241000+

Compari son 
s tar

mo Vo a 0 ' Rem

1900 5208.78 -22°4581 8 .44 8 .24 1?5

Oo
2 ,5

5214.70 -22 4555 8.35 8.16 2.1 74 5

5220.71 -22 4555 8 .3 4 : : 8.16 : 2 .6 210 1,5

5228.71 -22 4511 8 .39 8.31 3 .3 31 5
5231.66 -22 4511 8.28 8.20 3.6 99 5

5275.58 -22 4480 8 .5 2 : 8.42 5.7 11 1

5285.55 -22 4480 8 .3 8 8 .28 5 .8 236

V = o m + (V . o s ta r -  m . ) + 
s tar

>1COoO

s ta r 0 .39

Remarks: reason fo r  un c er ta in ty ;  see t e x t
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d i f f e r i n g  magnitude (see sec. H) w i th  resu l ts  suggesting tha t  

H «  - 0 . 0 7 .  The value I  = 0 is assumed in the ta b les ;  i f  Jl = - 0 . 1 0 ,  

then some ind iv idua l  T i ta n  Vq magnitudes are in e r ro r  by o T l .

The observations fol lowed by a colon ( : )  are uncerta in  fo r  some of  

the fo l low ing  reasons:

1) large discrepancy between Wendell 's  two observations  

on one night ( > o T l O ) .  Two extreme cases have double 

colon ( : : ) .

2) comparison s ta r  measured p h o t o e l e c t r i c a l l y  on only 

one n ig h t .  The corresponding T i ta n  observations are 

probably good in most cases.

3) the estimated m.e. o f  the V magnitude o f  s t a r ,  as 

given in the Appendix, is i  0™0k. In most cases 

the large s c a t te r  is ob s erv a t io n a l ,  and fu r t h e r  

measurements of  the s t a r  w i l l  f i x  the magnitude, but 

i t  is possible  tha t  some of  these s ta rs  are v a r i a b le .  

Observations t ie d  to  the very poor ly  determined s ta r  

-21°^59^ are marked w i th  double colon ( : : ) .

k) the B-V o f  the s ta r  is > 1 .6 .  Such a red color

makes i t  probable t h a t  the s ta r  is a t  least s l i g h t l y  

v a r ia b le .

5) the B-V of  the s ta r  i s ^  0 .30 .  These stars  seem to

dev ia te  s ys tem a t ica l ly  from the l in e a r  r e la t io n  in 

Fig.  15a, and the observations in which T i ta n  was
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compared w i th  such stars  ( a l l  made in 1900) are  on 

the average 0?08 b r ig h te r  than other  T i ta n  obser

vations in the same year.

These sources of  u n c er ta in ty  are i d e n t i f i e d  by number in the  

Remarks column in Table XXIV.

Because o f  the southern d e c l in a t io n  o f  Wendell 's  s tars  the PE 

photometry had to be made a t  large airmass (usua l ly  > 2 ) ,  and i t  was 

necessary to  t i e  the photometry to secondary standards near the  

program s ta rs .  These secondary standards are  o^Lib,  41 L ib ,  Oph,

5 Oph, and b Sgr, fo r  s tars  used in the f i v e  years 1896-1900 ,  

re sp e c t ive ly .  They a l l  have published photometry.  The adopted V 

magnitudes fo r  these f i v e  s ta rs  are 5 .1 6 ,  5 .3 7 ,  ^ .^9 ,  ^ .3 9 ,  and A.75,  

based on magnitudes in the l i t e r a t u r e  and my own measures (see 

Appendix); i t  is u n l i k e ly  tha t  any o f  them is in e r r o r  by 0,I,02.

These s ta rs  are o f  in te rmediate  spectra l  classes and f a i r l y  s im i l a r  

to the average of Wendell 's s ta r s .  4 Sgr is an exception ,  in tha t  

i t  is much bluer  than T i ta n  or the T i ta n  comparison s ta r s .  Since  

stars  t ie d  to k Sgr,  used in 1900 by Wendell,  were a lso  of ten  

observed a t  p a r t i c u l a r l y  large  airmass (both by him and by me),  

t h e i r  magnitudes are somewhat more l i k e l y  to be in e r r o r  than the  

magnitudes o f  the 1896-99 s ta rs .

Three e r r o r  sources in the t y i n g - i n  o f  T i ta n  to the system of  

the comparison stars  w i l l  now be considered.  F i r s t ,  T i ta n  shines 

by r e f le c te d  l i g h t ,  which is th e re fo re  p o la r iz e d .  Since Wendell 's  

photometer was of  a p o la r i z in g  type ,  th is  could s er io u s ly  a f f e c t
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the photometry i f  the p o la r i z a t io n  is la rge .  Forunate ly ,  Z e l ln e r

(1973) has shown th a t  T i t a n ' s  p o la r i z a t io n  is sm al l ,  less than

0.5% in the v isual  a t  a l l  phase angles ,  and th e re fo re  does not

a f f e c t  the photometry no t ic e ab ly .  Next,  d i f f e r e n t i a l  e x t in c t io n

between T i ta n  and the comparison s ta r  is a source o f  e r r o r  fo r

in d iv idua l  observations,  even though i t  w i l l  l a rg e ly  be cancel led

out in tak ing the average o f  many observations.  The airmass d i f f e r

ence was ca lc u la ted  fo r  numerous of Wendell 's  observations and was

always found to  be less than 0 .1 5 .  With an e x t in c t io n  c o e f f i c i e n t

o f  0?2/airmass th is  would a t  most introduce an e r r o r  in T i t a n ' s

magnitude o f  0 .0 3 .  Since the random e rro rs  in Wendell 's photometry

a re ,  on the average,  about twice  t h i s ,  i t  is hardly worth the

e f f o r t  to  c orrec t  the in d iv idua l  observations fo r  d i f f e r e n t i a l

e x t in c t i o n ;  i t  has not been done in Table XXIV. F i n a l l y ,  the

spectra l  energy d i s t r i b u t i o n  o f  T i ta n  is not the same as tha t  o f

a s ta r  o f  the same B-V c o lo r ;  th e r e fo r e ,  even i f  V-m is a w e l l -» » v

behaved func t ion  o f  B-V fo r  normal s t a r s ,  i t  is not necessar i ly  

t rue  th a t  T i ta n  conforms to i t .  This p o s s i b i l i t y  was investigated  

by studying magnitude correc t ions  (V-mv ) obtained by numerical  

i n te g ra t io n  o f  the spectra l  energy d i s t r i b u t i o n s  fo r  representa t ive  

sta rs  and T i t a n ,  weighted by the appropr ia te  f i l t e r  passbands or  

s e n s i t i v i t y  func t ions .  The spec tra l  d i s t r i b u t i o n s  were taken from 

W i l l s t r o p  (1965) ,  w i th  values shortward o f  *»000 A adapted from 

S tra izy s  and Sviderskiene  (1972);  the response funct ions fo r  B, V, 

and the darkadapted human eye were taken from A l len  (1963).  (The
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Figure 16. Wendell 's T i ta n  observat ions,  transformed to  V , versus so lar  phase angle and ^
versus ro ta t io n a l  phase. Open symbols ind ica te  those observations fol lowed by a colon ( : )  
in Table XXIV; data wi th  double colon ( : : )  are not p lo t te d .
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darkadapted human eye was chosen instead of  the usual l ightadapted  

eye s e n s i t i v i t y  func t ion ,  because the value of  k in eq. ( l )  suggested 

tha t  the e f f e c t i v e  wavelength o f  Wendell 's  visua l  magnitudes was
o

about 5100A, near ly  tha t  o f  the darkadapted eye . )  T i t a n ' s  spectra l  

d i s t r i b u t i o n  was taken as the product o f  i t s  geometrical  albedo as 

determined by Younkin (1974) and McCord e t  a l .  (1971) and the spec

t r a l  d i s t r i b u t i o n  o f  a s o la r - ty p e  s ta r  ( c 1 Ret) in W i l l s t r o p ' s  

cata log .  Atmospheric e x t in c t io n  (X- 4 ' law) was allowed f o r .  I t  was 

found that  V-mv is a l i n e a r  function of  B-V, w i th  a d ispersion of  

about o T o i .  T i ta n  departs only o l’o i from the l i n e a r  r e l a t i o n ,  in 

the sense th a t  i t s  V-mv is smaller than fo r  sta rs  o f  the same B-V. 

Since the correc t ion  is only m arg ina l ly  s i g n i f i c a n t ,  i t  has not 

been applied to Wendell 's data.

The annual mean magnitudes of  T i t a n ,  as derived from Wendell 's  

photometry, are given in Table XXV. I t  appears th a t  the s a t e l l i t e  

was p r a c t i c a l l y  constant in l i g h t  in 1896-1900,  a t  V^ = 8 . 2 9 .  As 

previously  mentioned a magnitude dependent correc t ion  may be 

necessary ( i . e . ,  the c o e f f i c i e n t  Z in eq. (1) may be non-zero).

I f  I  3: - 0 . 0 5 ,  the mean Vq in 1898 becomes oTo4 b r i g h t e r ,  w h i le  the 

changes fo r  the other  years are smal l .  The mean fo r  1896-1900 

becomes Vq = 8 .28 .  Wendell 's observations are p lo t ted  versus r o ta 

t io n a l  and so lar  phase angle in Fig .  16. I t  is c le a r  th a t  no 

p e rs is te n t  ro ta t io n a l  v a r i a t io n  of  amplitude ^ 0 ? 0 5  was present;  

no s i g n i f i c a n t  v a r i a t io n  w i th  a is recognizable.



Wendell 's T i ta n  photometry: summary

Year A l l observations  
(except : : )

Good observations  
( i . e . ,  e x c l .  :: and :)

n mean V0 ± a <Am> <(B-V)*> n mean V ± a 0 <Am> <(B-V)*>

1896 4 8 .30  ± .06 +0.27 0.96 3 8 .29  ± .05 +0.28 1.17

1897 3 8.34 .07

0+

0 .65 2 8.30 .02 -  .26 0.47

I 898 6 8.32 .11 + • 00 1
0 1.05 3 8.31 .03 + .71 0.75

1899 27 8.30 .04 + .59 1.07 11 8 .28  .03 + .20 0.63

1900 14 8.25 .09 -  .09 0.73 2 8 .27  .01 -  .24 1.24

A l l 58 8.29 +0.36 0.95 21 8.29 +0.20 0.77

n number o f  nights

<(B-V) j f> mean comparison s ta r  B-V

<Am> mean magnitude d i f f e r e n c e ,  m  ̂ -  m_.^3 ’ s ta r  T i tan
: and ::  r e fe r  to observations so marked in Table XXIV
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Other p re -p h o to e le c t r ic  photometry o f  T i ta n  include the obser

vations by Guthnick (191*0 in 1905~08 and G raf f  (192**, 1939) in 

1921-22.  I have measured the comparison stars  used by G raf f  in 

1922; they are  discussed in d e t a i l  in connection w i th  lapetus (sec. H 

o f  th is  ch ap ter ) .  A l l  but one of  the s ta rs  are b luer  than T i t a n ,  

and the co lor  equation of  G r a f f ' s  magnitude system is poorly d e te r 

mined, so T i t a n ' s  Vq magnitude is a lso poorly determined, even 

though i t s  magnitude in G r a f f ' s  visua l  system has a formal mean e r ro r  

o f  the mean of only oToiS. The equation used to reduce the lapetus 

magnitudes is

V -  mv = 0.12 (mv -  8 .95 )  ( 2)

Three of  G r a f f ' s  stars  have B-V colors >1 .0  and V magnitudes w i th in

2?0 of tha t  o f  T i t a n .  Applying (2) to  them y ie ld s  V values that

are f a i n t e r  than the p h o t o e l e c t r ic a l l y  measured V's by o T o i ,  o T i l ,

and 0?02, re s p e c t iv e ly .  Since T i t a n 's  B-V is almost equal to the

mean B-V fo r  the three s ta r s ,  the s a t e l l i t e ' s  V -  m w i l l  be derived

from (2) w i th  an adjustment equal to the mean e r ro r  fo r  the three

T i ta n -c o lo red  s t a r s ,  which is - 0T05 ( in  the sense V(observed) minus

V ( c a l c u l a t e d ) ) .  The re s u l t  is V -  m̂  = - 0 . 1 1 ;  the r e s u l t in g  Vq fo r

T i ta n  is 8 .2 1 .  Account has been taken of the fac ts  tha t  e q . (2 )

requires the actual  observed my ( i . e . ,  not reduced to mean o p p o s i t io n ) ,

and tha t  G ra f f  adopted a s l i g h t l y  d i f f e r e n t  semimajor ax is  fo r

Saturn (a = 9-55*» AU).than tha t  used in th is  work. The e r ro r  in

the ca lcu lated  V is d i f f i c u l t  to  est imate  w i th  confidence,  but 
o

since the d ispers ion in the V -  my fo r  the three red sta rs  is about
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0m05, th is  f i g u r e  is adopted a lso f o r  T i t a n .  B e t te r  photometry of

G r a f f ' s  comparison stars  may improve the s i t u a t i o n  somewhat.

Gra f f  (1924) also made photometry o f  Saturn s a t e l l i t e s  in

1921. I have not measured the s tars  he used fo r  comparison in 1921,

but plan to do so. However, he used the same telescope and very

probably the same photometer as in the fo l low ing  year ,  so the same

reduction formula may be appropr ia te  fo r  both years.  I f  so, one

finds V = 8 .0 5 .  This is so much b r ig h te r  than the V derived fo r  o 3 o

any other observing period th a t  i t  must be viewed wi th  great  

suspi cion.

The photometry o f  Guthnick (1914) has not been studied in

d e t a i l ,  but PE photometry o f  the comparison sta rs  is contemplated.

Widorn (1950) observed other  Saturn s a t e l l i t e s ,  including

T i t a n ,  in the course of  his lapetus photometry in 1949. In f a c t ,

he used t h e i r  mean magnitude as an a dd i t iona l  comparison s t a r ,

arguing tha t  t h e i r  small v a r i a t io n s  would la rg e ly  cancel out in

taking the average.  His adopted mv fo r  T i ta n  is 8 .4 0 .  As
o

d e ta i le d  f u r t h e r  in the lapetus sec t ion ,  there are  no s i g n i f i c a n t

co lor  or magnitude terms in V -  my fo r  his comparison s t a r s ,  but

the s c a t t e r  is large .  V = 8 .40  would be consis tent  w i th  H a r r is 'o

PE photometry two years l a t e r ,  but in view o f  the u n c er ta in t ie s  in 

Widorn's magnitude scale  T i t a n ' s  VQ in 1949 cannot be considered 

wel l  enough known to  be useful  in a study of  T i t a n ' s  long-term  

v a r i a b i 1i ty .

Since 1950, several  workers have made PE observations o f  T i t a n .
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Harr is  (1961) made UBV observations o f  T i ta n  on 19 nights in 1951 

to 1956 (his  Fig .  10, which p lo ts  Vq versus 0,  contains only 17 

p o in t s ) .  As w i th  his other s a t e l l i t e  observations ,  the circum

stances o f  the ind iv idua l  observations are not a v a i l a b l e .  Since 

he did not observe any other  s a t e l l i t e  in 1954 or 1955, i t  is 

probable th a t  the T i ta n  observations were made in 1951, 1952, 1953, 

and 1956. From his Vq versus 0 p lo t  i t  appears th a t  he found the  

s a t e l l i t e  to be a t  Vq = 8 .36  on two occasions,  8 .42  once, 8.43 also  

once, and a t  in te rmediate  values on the remaining n ights .  Therefore ,  

T i t a n ' s  \Iq was w i th in  o1104 o f  8 .39  fo r  each of  H a r r is '  years o f  

observation (presuming th a t  no apprec iab le  v a r i a t io n  took place  

during any one season).

PE photometry o f  T i ta n  has been made at  a l l  Saturn appar i t ions  

since 1967, and in several cases more than one observing team 

covered the s a t e l l i t e  during one a p p a r i t io n .  Therefore  a f a i r l y  

complete and r e l i a b l e  l i g h t  curve from la t e  1967 to  e a r ly  1974 can 

be constructed.  The observations in 1967“74, as wel l  as the e a r l i e r  

ser ies  j u s t  discussed, are  summarized in Tables XXVI and XXVII. In 

the f i r s t  ta b le  are given re fe rences,  observing per iods,  the type 

of  photometry,  e t c , ;  in the next ta b le  the mean magnitudes fo r  each 

ser ies  and a p p ar i t io n  (several  times per a p p ar i t io n  in the case of  

the major PE ser ies )  are l i s t e d  c h ro n o lo g ic a l ly ,  reduced to  V of  

the UBV system and reduced to  zero so lar  phase angle using a phase 

c o e f f i c i e n t  o f  0lT004/deg. As usual the standard distances from 

Sun and Earth are  a = 9 .5 4  AU and A = 8 .5 4  AU.
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Table XXVI 

Availab le  T itan  photometry.

References Years of Total number Type of Remarks
observation o f nights photometry

Pickering 1879 1877-78 18 visua l a

Wendell 1913 1896-1900 64 visual 1

Guthnick 1910, 191A 1905-08 92 visua l a

G ra f f  1924 1921 20 vi sual a

G ra f f  1939 1922 38 visual 2

Widorn 1950 1949 36? visual a

Harr is  1961 1951-56 19? UBV 3,b

Frankl  i nf pr i  v. comm. 1967 3 BV 4

Payne 1971a 1968-69 18 visua l 5

Blanco and Catalano^ 
1971 & p r i v .  comm. 1968-70 21 UBV 6

Veverka 1970 & 
p r i v .  comm. 1968-69 14 UBV 7

McCord e t  a l .  1971 1968-69 ? narrowband 
0 .3  -  l . l y a

Anderssonf th is  thesis 1970-72 43 UBV 9

Jerzyk iewicz  1973; 
Lockwood, p r i v .  comm. 1971-74 31 b y 9

B l a i r  and Owen 1974 1971-72 9 UBV a

Younkin 1974 1972 1 narrowband 
0.50 -  1.08y

a

Noland e t  a l .  1974 1972-73 30 u v b y r i 10

F ra nk l in  and Cook 
.... ....

1972-74 24 BV 11

Remarks: a not used in Table XXVII because of low accuracy and/oi

absence of sa t is fac to ry  transformation to V. 

b exact years unknown but including 1951 and 1956 and 

probably 1952 and 1953.

Numbers are used in Table XXVII as reference numbers.
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Table XXVII

Vq magnitude o f  T i t a n ,  1896-197^ •

Ref.no. Mean date Nomi nal 
mag. ±

mean
a

n <a> Corr. V (a=0) 
0

1 1896.4 8 .29  ± 0.05 3 1?8 0. 8 .28  ± 0.05
1 1897.5 8.30 .02 2 4.7 0. 8 .28 .03

1 1898.5 8.31 • 03 3 2 .5 0. 8.30 .04

1 1899.6 8.28 .03 11 5.5 0. 8 .26 .03

1 1900.6 8.27 .01 2 3.3 0. 8.26 .03
2 1922.2

f  1951 

1 1952?

8.32 .11 34 3.5 -0 .11 8 .20 .05

3
| 1953? 

1 1956

8.39 .02 17 2 .5 a 0. 8.38 .02

4 1967.92 8.373 .016 3 5 .4 0. 8.35 .02

5 1968.9 8.42 .09 18 3.6 -0 .0 2 8.39 .10

6 1968.84 8.380 .010 7 3.1 0. 8.37 .02

7 1968.9 8.378 .008 6 4 .4 0. 8 .36 .02

6 1969.72 8.383 .015 6 4.1 -0 .0 7 8.30 .02

6 1969.87 8.367 .015 3 1.8 - 0 .0 7 8.29 .02

6 1970.10 8.390 .021 5 6 .0 -0 .0 7 8.30 .02

8 1970.74 8.300 .017 7 4 .7 +0.02 8.30 .02

8 1970.88 8.273 .010 8 1.5 +0.02 8.29 .02

8 1971.74 8.288 .025 8 4.7 +0.02 8.29 .02

8 1971.87 8.283 .021 6 1.9 +0.02 8.30 .02

9 1972.04 8.300 .007 7 5.0 +0.015 8.30 .02

8 1972.04 8.293 .010 7 5.1 +0.02 8.29 .02

8 1972.17 8.291 .015 7 6.1 +0.02 8.29 .02

10 1972.76 3.955 .021 19 5 .8 +4.36 8.29 .02

9 1972.92 8.279 .015 8 2.1 +0.015 8.29 .02

10 1972.93 3.933 .011 11 1.6 +4.36 8.29 .02

continued
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Table XXVII 

(c o n t 'd . )

Ref.no. Mean date Norn i na1 mean n <a> Corr . VA(a=0)
mag. ± a u

11 1972.94 8.333 ± 0.020 7 0?5 - 0 .0 3 8.30 ± 0 .02

9 1973.08 8.288 .010 4 5 .0 +0.015 8.28 .02

11 1973.13 8.335 .016 4 6 .0 -0 .0 3 8 .28 .02

11 1973.81 8.302 .004 6 5.8 - 0 .0 3 8.25 .02

9 1973.82 8.255 .010 4 5 .6 +0.015 8.25 .02

9 1973.95 8.262 .006 4 1.1 +0.015 8.27 .02

11 1974.04 8.286 .022 7 3.3 - 0 .0 3 8 .24 .02

9 1974.08 8.262 .077 4 4.2 +0.015 8.26 .02

aassumed phase angle (none publ ished).

Ref.  no. :  number in Remarks column of  Table XXVI.

Nominal mean mag.: re fe rs  to the type o f  v isual  magnitude employed

in o r ig in a l  p u b l ica t ion  (mv , y,  V ) , except fo r  

Wendell 's observations (Ref. no. 1) which are  

my reductions to V (Tables XXIV and XXV).

n: number of  observations in mean. In some cases not a l l  observa

t ions of  the o r ig in a l  p u b l ica t io n  are included ( e . g . ,  only 

Wendell 's "good" observations ( c f .  T ^ j l e  XXV) are  used).

<a>: mean so la r  phase angle.

C o r r . : correc t ion  to re fe r  observations to V system; see te x t  fo r

d e t a i I s .

VQ(a = 0 ) : mean opposit ion magnitude, assuming a l in e a r  phase function

w i th  3 = 0?004/deg (even where a d i f f e r e n t  phase function is 

derived in the o r ig in a l  p u b l i c a t io n ) .  The e r ro r  quoted is 

the estimated mean externa l  e r ro r  w i th  respect to  the UBV 

system. The r e l a t i v e  e r ro r  o f  any two items a f t e r  1970.5 

is about o T o i .
Addendum: Blanco and Catalano (197*0 report  recent observations

which lead to VQ(a=0) -  8 .24  a t  1974.23.
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The only non-PE T i ta n  photometry since 1967 is the visua l  

photometry by Payne (1971a) .  The in te rna l  accuracy is ra ther  good, 

but the magnitudes are t i e d  to  a s in g le  s ta r  which is oTf b luer  in 

B-V than T i t a n ;  since no determination of  the color  dependence of  

my -  V is a v a i l a b l e ,  an uncer ta in ty  o f  ol'lO has been assigned to  

Vq from Payne's photometry,  corresponding to  a correc t ion  fo r  co lor  

of 0 .2 (B -V ) .  Photometry o f  the s ta r  (+7°258) is given in the  

Appendix; the V magnitude measured is 0T02 b r ig h te r  than the value  

adopted by Payne.

No corrections  were applied to  F ra n k l in 's  ( p r i v .  comm. 1974)

and Veverka's (1970; p r i v .  comm. 1974) observations in 1967-69.

As mentioned in connection w i th  the inner Saturn s a t e l l i t e s ,  the

narrowband photometry o f  McCord e t  a l .  (1971) apparently  requires

a correc t ion  o f  about +0I112 fo r  V , but since no accurate value iso

a v a i l a b l e ,  and since dates and other  circumstances are not given,  

these observations are not used in Table XXVII .

The comparison stars  used by Blanco and Catalano (1971) in 

t h e i r  1968 and 1969/70 photometry o f  Rhea and T i tan  were measured 

on two nights in 1972 Dec a t  K i t t  Peak; resul ts  are given in the  

Appendix. The 1968 comparison s ta rs  are d e f i n i t e l y  b luer  in U-B 

than the values given by Blanco and Catalano, and the V magnitudes 

of the 1969/70 s tars  are  probably b r ig h te r  than quoted in t h e i r  

paper. A re-examination o f  the observations (Blanco and Catalano,  

p r iv .  comm. 1974) revealed some reduction e r ro rs ;  accord ing ly ,  I 

apply a correc t ion  o f  - o l ^  to t h e i r  published T i ta n  magnitudes in
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1969/70, w h i le  no correc t ion  is appl ied to t h e i r  1968 magnitudes.

An independent check on the magnitudes and colors o f  the comparison 

stars  o f  Blanco and Catalano is d e s i ra b le .

T i ta n  has been observed a t  Lowell Observatory since e a r ly  1972 

as par t  o f  the Solar V a r i a b i l i t y  Program (M. Jerzyk iewicz 1973, p r i v .  

comm. 1974; G. W. Lockwood, p r i v .  comm. 1974).  The photometry is 

made in b and y o f  the StrOmgren uvby system; since there  are  w idely  

adopted standards only fo r  c o lo rs ,  not magnitudes, in th is  system,  

the y magnitude scale  is defined by a l i s t  o f  standard s ta r  magni

tudes determined by the Lowell observers.  There are three  observing  

nights in 1972 Jan in common between my own T i ta n  photometry and 

the Lowell observations .  The magnitude d i f fe rences  (V0 "Y0 ) are  

-0T004,  - 0 .0 0 1 ,  and - 0 .0 1 0 ,  respe c t ive ly  (al though the t h i r d  

decimal is i n s i g n i f i c a n t ,  since my magnitudes are only accurate to  

about oTo1) .  A c orrec t ion  of  -O^OOS has been adopted here fo r  

convert ing Lowell yQ magnitudes to my Vq . Exceptional care is 

taken in the Lowell program to  ensure the constancy of  the photo

metric  system used over several years ,  so the same correc t ion  

appl ies  to  subsequent seasons of  Lowell observations.

B l a i r  and Owen (1974),  in t h e i r  photometry o f  the inner Saturn 

s a t e l l i t e s ,  used T i ta n  and two sta rs  as comparison o b je c ts .  They 

report  t h e i r  observations on the instrumental  system, which is close  

to the UBV system. They adopted magnitudes and colors fo r  t h e i r  

two sta rs  from the P h o to e lec t r ic  Catalogue (Blanco e t  a l .  1968) which 

gives one V value fo r  one s ta r  and two fo r  the o the r .  While B l a i r
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and Owen have some nights in common w i th  my photometry,  they do not 

give n ig h t ly  magnitudes f o r  T i t a n .  The i r  adopted Vq is 8.35>  

appreciably  f a i n t e r  than 8 . 2 9 , my mean fo r  the 1971/72 a p p a r i t io n .

I t  seems proper to  await  confi rmatory  photometry o f  t h e i r  standard 

stars  and the accurate t ransformat ion of  t h e i r  photometry to the 

standard system before including t h e i r  T i ta n  magnitude here.

The Hawaii -Cornel  1 photometry o f  Saturn s a t e l l i t e s  (Noland 

et  a l .  197*0 u t i l i z e s  the uvby system (plus two red f i l t e r s ) .  The 

magnitudes are  re fe rred  to  the s t a r  37 Tau. Three nights in common

w ith  the Lowell photometry gives (yQ Lowell ~ Yo H-C^ =

4 .3 50 ,  and 4 .3 5 1 ,  re sp e c t ive ly  (again ,  the th i rd  decimal place is 

i n s ig n i f i c a n t  since only the Lowell data c a r r ie s  three decimals) .

The correct ion  to obta in  Vq on my system becomes 4 .3 4 ,  to be applied  

to the yQ re fe r red  to 37 Tau. Noland e t  a l . a lso  d e r ive  a t r a n s 

formation to the V system, and f in d  fo r  T i ta n  Vq = 8 .3 4 .  This is 

about oTo4 f a i n t e r  than implied by the correc t ion  above, but the

V magnitudes fo r  t h e i r  standard sta rs  are  on the average o1102 f a i n t e r  

than representa t ive  V values fo r  the same stars  from the l i t e r a t u r e .  

Noland e t  a l .  est imate  the uncer ta in ty  o f  t h e i r  t ransformat ion to

V a t  0T02.

The UBV photometry o f  lapetus and T i tan  by F ra n k l in  and 

Cook (1974) has f i v e  nights of  T i ta n  observation in common w i th  the 

Lowell photometry; the d i f f e r e n c e  (yQ Lowell " ^o F&C  ̂ ' s ±

.0 ) 4  (a),; . The correc t ion  to obta in  Vq on the system o f  my 1971/72
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photometry becomes -01*05, a d is t u r b in g ly  large  amount. A check is 

provided by F ra nk l in  and Cook's observations o f  lapetus in 1972 Jan,  

with  several dates in common w i th  or a d jo in ing  my dates; a correc

t ion  of  - 0T03 ± .01 is suggested. A t h i r d  check can be made by 

comparing Frankl in  and Cook w i th  the Hawaii -Cornel  1 photometry.

Two points o f  comparison g iv e ,  f o r  the d i f f e r e n c e  (yQ -  Vq F£q ) . 

-41 *405 , and - 4T 385. This is consis tent  w i th  a c orrec t ion  +41*3** fo r  

the Hawaii observations and -o1*05 fo r  those o f  F rankl in  and Cook.

The l a t t e r  f ig u r e  is adopted fo r  transforming Frank l in  and Cook's 

Vq to  my system.

While the magnitude systems o f  T i ta n  observations since 1970 

are qu i te  wel l  t i e d  in w i th  each o th e r ,  thanks to the numerous 

cases of  observing dates in common, the r e l i a b i l i t y  o f  the zero  

point of  the chosen re ference system (my 1971/72 observations)  

must be considered f u r t h e r .  I t  purports to be tha t  o f  the V magni

tude of  the UBV system, yet  the photometry o f  F rank l in  and Cook, 

which is supposedly on the same system, requires a c orrec t ion  o f  

-o1*05, a f ig u r e  probably not in e r ro r  by more than o To 1 5 . The 

most obvious source o f  the discrepancy would be the t i e  in o f  my 

own standard sta rs  to the UBV system. My standard stars  fo r  the 

Saturn s a t e l l i t e  photometry were discussed in sec. D o f  th is  chapter;  

the p r in c ip a l  anchor po int  is the s ta r  +17°703 (van Bueren 23) .

While I am confident th a t  i t  is a t  leas t  as b r ig h t  as the V = 7.5*» 

given by Johnson and Knuckles (1955) the d i f f e r e n c e  need not be as 

much as the 0*1*025 implied by my adopted magnitude fo r  the s t a r .
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As a compromise i t  w i l l  be assumed, fo r  the purposes o f  Tables XXVI 

and XXVI I ,  tha t  my magnitude o f  the s ta r  is o1l02 too b r i g h t .  Thus the  

revised correct ion  fo r  the photometry of  F rankl in  and Cook becomes 

- 0T0 3 , and the other  T i ta n  observations in 1 9 70 -19 73  take correc

t ions  tha t  are  0T02 g re a te r  ( a l g e b r a ic a l l y )  than the corrections  

r e l a t i v e  to my 1971/72 photometry tha t  have been derived in the 

previous pages. The mean externa l  e r ro r  o f  the 1970-7** Ti ta n  

magnitude system may be estimated a t  0T0 15; the t i e - i n  between any 

two of  the ser ies  o f  observations has an accuracy o f  about oT o i .

This las t  f ig u r e  is a lso a reasonable est imate o f  the t i e - i n  

between the consecutive seasons o f  Frankl in  and Cook's photometry,  

as wel l  as between my 1970 and 19 7 1 /7 2  seasons. The mean e r ro r  

(e x te rn a l )  of  the previous ser ies  o f  PE photometry has been set  

(somewhat a r b i t r a r i l y )  a t  0?02.

In Table X X V I I I  the data o f  the previous ta b le  are c o l le c te d  

by a p p a r i t io n  of  Saturn,  thus g iv ing  approximately annual mean 

Vq values.  From H a r r is '  data only the opposit ion times of the  

two years in which he d e f i n i t e l y  observed T i ta n  are  given.  Data 

per ta in ing  to  the pos i t ion  of  Saturn in i ts  o r b i t  and the o r ie n ta t io n  

of the r ing plane are a lso  given.  Lightcurves fo r  T i tan  are shown 

in F ig .  17.  I t  appears tha t  T i ta n  has brightened by oH1! since 1967 

at  an i r r e g u la r  r a te .  I t  probably rose by ^  0T 05 in 1969 ,  but 

because of the uncer ta in ty  about the magnitude zero po int fo r  the 

1969/70 a p p a r i t io n ,  when only one observing team made photometry of  

T i t a n ,  i t  is possible  th a t  much o f  the change took place in 1970.
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Figure 17. Magnitude of  T i t a n ,  1896-1974. The top f ig u re  is p lo t te d  from Table X X V I I I .  
The bottom f ig u re  is p lo t ted  from Table XXVII ;  f i l l e d  symbols have u n cer ta in t ie s  o f  0™02, 
and the open symbol is O'J’IO. The data from Blanco and Catalano (1974) is included.
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Table X X V I I I  

Magnitude o f  T i t a n ,  by ap p a r i t io n

Mean date  V (a=0) Years a f t e r  r B*
p e r ih e l io n  All

1896.4 8.28 10.8 9.90 +21

1897.5 8.28 11.9 9 .98 +24

1898.5 8 .30 12.9 10.02 +26

1899.6 8.26 14.0 10.05 +27

1900.6 8 .26 15.0 10.06 +26

1922.2 8.20 7.1 9 .54 + 5

1951.2 8 .38 6 .7 9.48 + 3

1956.4 8 .38 11.9 9:97 +24

1967.9 8 .3 5 23 .4 9.43 -  8

1968.9 8.37 24 .4 9.32 -13

1969.9 8.30 25.4 9.22 -18

1970.8 8.29 26.3 9 .15 -21

1972.0 8.29 27.5 9 .07 -25

1973.0 8 .29 28.5 9 .03 -26

1973.9 8.25 29.4 9 .02 -26

r d is tance from Sun

B1 S a t u r n ic e n t r ic  l a t i t u d e  of  Sun, re fe rred  to  r ing plane
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Between la t e  1970 and e a r ly  1973 there was no p erce p t ib le  change; 

but during 1973 the s a t e l l i t e  brightened again ,  by oTo4. This 

change is shown by both series  o f  observations that included both 

the 1972/73 and 1973/74 a p p a r i t io n s .  The time scale fo r  measurable 

change, say 0?02, thus seems to be around 0 .5  y r .  As pointed out 

e a r l i e r  there  is no i n d i c a t i on of  v a r ia t io n s  over time in te rv a ls  

comparable w i th  T i t a n 's  o r b i t a l  per iod ,  but i t  is possible  tha t  

some of  the small s c a t t e r  (about 0T02) during any one a p p ar i t io n  

is due to actual  v a r ia t io n s .

Considering the somewhat i r r e g u la r  character  o f  the change in 

1967“74,  i t  is l i k e l y  tha t  T i t a n ' s  v a r i a t i o n  is not p e r io d ic .  

However, the 1896-1974 l i g h t  curve in Fig .  17 shows th a t  i f  there  

is a p e r i o d i c i t y ,  one possible  period is about 75 y r .  I t  is 

d i f f i c u l t  to th ink  of  a physical mechanism consistent w i th  such a 

long period.

I t  is evident from a comparison o f  the magnitudes in 1922 and 

1951» and again in 1900 and 1956, th a t  there  is a t  least  not a 

s t r i c t  dependence on the pos i t ion  of  Saturn in i t s  o r b i t .  T i t a n ' s  

VQ is p lo t ted  versus distance from the Sun and versus B' (S a tu rn i -  

c e n t r ic  l a t i t u d e  of  the Sun re fe rred  to  the r ing plane) in F ig .  -18a, 

(Since B' reaches i t s  minimum value very near Saturn's  p e r ih e l io n  

the two diagrams have been combined in to  one.)  I f  the magnitudes 

in 1922 and 1956 are  disregarded, the f ig u r e  suggests tha t  T i ta n  

is b r ig h te s t  when the Sun, and thus a lso the Ear th ,  is wel l  North 

or South of  the r ing plane.  I f  th is  c o r r e la t io n  is real  i t  could
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Figure 18A. Magnitude of  T i ta n  versus distance from the Sun (bottom 
scale)  and Sun's s a t u r n ic e n t r ic  l a t i t u d e  B' (top two s c a le s ) .  B1 
should be read on the upper B' sca le  fo r  square symbols and on the  
lower B1 scale fo r  c i r c l e s .

Figure 18B. B-V co lo r  versus magnitude fo r  T i t a n .  Sources fo r  B-V: 
th is  the s is ;  Harr is  1961; F rankl in  197*1 and p r iv .  comm.; Blanco and 
Catalano 1971, 197*1, and p r i v .  comm.; Veverka 1970. B-V has been 
reduced to a»0 using = 01'002/deg.
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mean e i t h e r  th a t  T i ta n  has b r ig h t  polar  caps or th a t  there is a 

seasonal v a r i a t i o n  o f  the s a t e l l i t e ' s  albedo.

Clues about the nature  o f  T i t a n ' s  v a r ia t io n s  may be supplied

by the v a r i a b i l i t y  (or absence the re o f )  o f  o ther  propert ies  o f  th is

body. U n fo r tu n a te ly ,  the records of  T i t a n ' s  behavior from the

points  o f  view of  p o la r im e t ry ,  spectroscopy, spectrophotometry,  and

in f ra red  photometry are even less complete than the V photometry.

There is a suggestion o f  decreasing p o la r i z a t io n  in the visual

region from 1968 to 1971 ( Z e l ln e r  1973). B-V and U-B colors have

been reported by Harr is  (1961),  Blanco and Catalano (1971,  revised

in p r i v .  comm. 1974),  Veverka (1970),  and Frank l in  and Cook (1974),

in a d d i t ion  to  my own observations .  The d i f fe ren ces  between the

colors  reported are small and probably due to small e r rors  or

systematic e f f e c t s  in the transformat ion to  the UBV system, although,

taken a t  face va lue ,  B-V may become s l i g h t l y  redder wi th  increasing

V . This is shown in Fig .  18b. o

G. Hyperion.

This ra r e ly  observed s a t e l l i t e  was measured p h o t o e le c t r ic a l l y  

on 13 n igh ts .  The observations are l i s t e d  in Table XXIX. P lo t t in g  

the magnitudes versus ro ta t io n a l  phase reveals no obvious v a r ia t io n  

due to synchronous r o t a t i o n ,  but suggests that  a few observations  

are a f fe c te d  by large e r r o r s .  Fig .  19 shows Vq , Bq , and Uq p lo t ted  

versus so lar  phase angle.  With the exception of  data from two 

nights 0970 Dec 24 and 1971 Nov 10) the f ig u r e  suggests a l in ea r
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Figure  19* Magnitudes o f  Hyperion versus so la r  phase angle,  
correc t ion  fo r  ro ta t io n a l  v a r i a t i o n  app l ied .
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phase function w i th  slope 0^02/deg in V and s l i g h t l y  more in B.

The slope in U is not wel l  determined but seems to be o f  the same 

order as By and 3g. The f i r s t  o f  the two discrepant  nights is 

simply a f f l i c t e d  w i th  very large random e r ro rs .  No obvious reason 

fo r  Hyperion's  fa in tness  on 1971 Nov 10 can be o f f e re d ;  the colors  

seem to be unaf fec ted .  In Fig .  20 the magnitudes, reduced to  a = 0 

with  3 = 0lI1025/deg, are  p lo t ted  versus ro ta t io n a l  phase. I t  should 

be pointed out th a t  the mean o r b i t a l  longitude L f o r  Hyperion in 

the AE includes per iod ic  terms ( l i b r a t i o n s )  which have been 

removed in the c a lc u la t io n  of  the ro ta t io n a l  phase. Thus 0'  in 

Table XXIX re fe rs  to an assumed uniform synchronous ro ta t io n  of  

the s a t e l 1i t e .

F ig .  20 is consis tent wi th  the s a t e l l i t e ' s  brightness being 

constant (d isregard ing  the abovementioned discrepant  observations);  

i f  the 1973 Jan 3 V and B observations are  s l i g h t l y  too f a i n t  

there is perhaps a suggestion of  a v a r ia t io n  w i th  amplitude about 

oTl and minimum near super ior  conjunct ion.  Because of the lack  

of  observations in the h a l f  o f  the o r b i t  centered a t  i n f e r i o r  con

ju n c t io n ,  a v a r i e t y  o f  smal1-ampl itude  synchronous l i g h t  curves 

remain possib le .

Hyperion has a substant ia l  o r b i t a l  e c c e n t r i c i t y  (0 .10 )  and i t s  

motion is very heav i ly  influenced by T i t a n .  The present data do 

not exclude the in te r e s t in g  p o s s i b i l i t y  o f  non-synchronous and 

resonant spin f o r  Hyperion.  Assembling the observations on various  

submult iples o f  the o r b i t a l  period y ie l d  the same re s u l t  as the
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Table XXIX 

New Hyperion photometry.

UT date  V B U e s t .m .e .  a 0 '  Method
°  °  °  V B U

1970 Dec 24.12 14.44 15.27 15.56 16 13 18 4? 42

OvO00CM ss

Dec 31.11 14.26 15.06 15.38 3 4 7 4 .94 44 ss

1971 Nov 7.51 14.18 14.93 15.34 2 4 7 2.15 272 ss

Nov 10.22 14.36 15.15 15.47 3 4 9 1.86 318 ss

Nov 13.28 14.21 14.98 15.38 2 2 4 1.51 10 ss

Nov 18.41 14.14 14.90 15.20 3 5 4 0.92 98 ss

1972 Jan 11.27 14.24 15.07 15.31 4 4 5 4.77 287 ss

Jan 12.24 14.22 15.08 - 7 6 - 4.85 304 ss

Jan 16.21 14.28 15.09 - 5 5 - 5.12 11 ms ,cd

Jan 18.15 14.31 15.08 - 3 3 - 5 .25 44 ss

Jan 20.13 14.29 15.02 - 5 2 - 5.37 78 ss,cd

Jan 21.08 14.22 14.99 15.39 3 3 4 5.41 94 ss

1973 Jan 3.27 14.27 15.04 15.28 4 5 6 2.89 192 ss

The ro ta t io n a l  phase 0' re fe rs  to  synchronous ro ta t io n .  

Mean opposit ion  dis tance: a = 9 .54  All, A = 8 .5 4  All.
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synchronous period: small v a r i a t i o n s ,  i f  any, and the same data

points as before remain d iscrepant .  Photometry o f  ra th e r  high 

precis ion  w i l l  be necessary to  e s tab l is h  the r o ta t io n a l  s t a te  o f  

Hyperion.

I f  synchronous ro ta t io n  is accepted,  phase c o e f f i c ie n t s  can 

be derived without assumption of  a n e g l ig i b l e  r o ta t io n a l  v a r ia t io n

by u t i l i z i n g  the pa irs  o f  observations th a t  can be found in the

ta b le  a t  p r a c t i c a l l y  the same 0'  but s u b s t a n t ia l l y  d i f f e r e n t  a.

The pairs  sui ted f o r  th is  are a t  0 '  = 10* 11; 9**, 98; and 272,  287°.  

Of these,  only the la s t  one is usable fo r  B y  The r e s u l t in g  phase 

c o e f f i c ie n t s  are 3„ = 0l]102/deg, 3D = oToS/deg, 3,, = oToVdeg. TheV D U

formal e r ro r  (from the m.e. o f  the ind iv idua l  observations in the

ta b le )  is about o T o i / d e g  fo r  a l l  th re e ,  so the increase of  3 from

V to  U is probably r e a l .  Using these values the mean opposit ion

magnitudes a re ,  V = 14 .16 ,  B = 14 .90 ,  and U = 15.19.  The mean o o o

colors o f  the observations in Table XXIX ( inc lud ing 1971 Nov 10 

but excluding the f i r s t  en try  in the ta b le )  are  B-V = 0 .78  and 

U-B = 0 .3 3 ,  o r ,  reducing to a = 0,  0 .74  and 0 .3 0 .

Harr is  observed Hyperion f i v e  times in 1953. His re su l ts  are  

Vq = 14.16,  B-V = 0 .6 9 ,  U-B = 0 . 4 2 : .  The discrepancy w i th  my 

photometry is ra ther  conspicuous, a t  least  in the co lors .

The phase angles o f  H a r r is '  observations are unknown, but t h e i r  

average would seem u n l i k e ly  to be less than,  say, 2 ° .  I f  so,

Harr is  found Hyperion a t  least oTl b r ig h te r  in B than I do. In 

1953 the Earth was #**13° north o f  the plane of  Saturn's  r ings



w hi le  in 1970-73 i t  was 21° to 26° south o f  the r ing plane. I t  is 

th e re fo re  possible  th a t  Hyperion's northern hemisphere has a some

what higher albedo and b luer  B-V co lo r  than the southern hemisphere 

however, there  is a lso  the p o s s i b i l i t y  tha t  H a r r i s '  observations  

were a l l  made very close to  oppos i t ion ,  and tha t  Hyperion has a 

strong opposit ion e f f e c t .  F rank l in  and Cook (197*0 recent ly  

reported two observations o f  Hyperion,  made in 1972 Dec a t  very 

small phase angle (0?3) and near eastern  e lo ngat ion .  They found Vq 

13.9 which is ' ' - '0?125 b r ig h te r  than my Vq , suggesting an extremely  

strong opposit ion  e f f e c t .  C le a r l y ,  more observations are needed.

H. lapetus.

This s a t e l l i t e  was observed on *»1 n ights ;  more than three  

complete revo lut ions  around Saturn are  covered,  including four  

minima. The observations are  l i s t e d  in Table XXX. The f a m i l i a r  

l i g h t  v a r i a t i o n  w i th  an amplitude o f  about two magnitudes is 

c l e a r l y  shown in F ig .  21. The phenomenon o f  unequal minima is 

conspicuous; i t  was ascribed by Mi 11 is (1973) to  d i f f e r e n t  phase 

c o e f f i c i e n t s  on the b r ig h t  and dark sides o f  the s a t e l l i t e .  (That 

the large amplitude l i g h t  v a r i a t i o n  i s ,  in f a c t ,  due to albedo 

d i f fe re n ce s  over the surface ra th e r  than an elongated shape o f  the 

s a t e l l i t e ,  as has sometimes been suggested (D o l l fus  1970), was 

d e f i n i t e l y  estab l ished by Murphy e t  a l .  (1972) from 20y radiometry  

and by Z e l ln e r  (1972) from p o l a r im e t r y . ) By fo r tu n a te  coincidence  

the photometry by Mi 11 is not only overlaps my photometry in time
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Figure 21. lapetus l i g h t  curve,  1970 Sep -  1972 Mar.
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Table XXX

New lapetus photometry.

UT date Vo B-V U-B est .  
V B

m.
-V

e.
U-B

a 0'

1970 Sep 11.35 10.92 0.71 0 .29 2 2 3 5°69 189? 3

Sep 12.33 10.85 0 .69 0.31 2 1 2 5.64 193.8

Sep 28.24 10.29 0 .69 0.33 3 2 3 4.62 266.4

Sep 29.25 10.31 0 .70 0.30 3 3 4 4.54 271.1
Sep 30.41 10.36 0 .74 0 .29 2 2 3 4.46 276.4

Oct 1.32 10.32 0.72 0 .24 5 5 6 4.38 280.5
Oct 4.27 10.36 0 .72 0.32 2 2 3 4.14 294.1

Oct 5.26 10.40 0 .67 0.32 2 2 3 4.05 298.6

Oct 27.28 11.52 0 .78 - 4 3 - 1.83 40.0

Oct 30.33 11.74 0 .78 0 .37 2 5 5 1.50 54.1

Nov 6.27 11.86 0 .74 0.39 4 3 6 0.73 86.2

Nov 8.21 11.84 0 .76 0.35 10 5 7 0 .52 95.1

Nov 17.08 11.55 0 .74 0.35 2 2 4 0.67 136.2

Nov 21.25 11.30 0 .74 0.31 1 3 3 1.13 155.5

Dec 6.13 10.49 0 .70 0.33 3 2 5 2.75 224.2

Dec 7.15 10.47 0 .70 0.30 1 1 3 2.85 228.9

1971 Sep 25.21 12.24 0 .75 0.31 5 5 8 5.75 94.2

Sep 30.34 12.08 0 .69 0.55 4 3 8 5.47 117.6

Oct 1.28 12.07 0.69 0.19 3 2 5 5.41 121.4

Oct 31.28 10.26a 0 .67 0.27 2 1 4 2.93 259.5

Nov 7.50 10.30 0 .69 0.26 2 1 3 2.16 292.7

Nov 13.50 10.42 0.68 0.23 2 1 3 1.49 320.4

Nov 18.30 10.61 0.71 0.27 1 1 1 0 .94 342.6

Dec 12.33 12.00 0 .75 0.32 1 1 5 1.93 93.6

Dec 19 • 18C 11.89 0.73 - 2 1 - 2 .67 125.2

1972 Jan 11.20 1 0 .52a 0 .70 0.24 2 1 2 4.77 231.0

Jan 12.23 10.45 0 .69 0.28 2 1 2 4.85 235.7
Jan 15.15 10.39 0.71 - 1 1 - 5.05 249.0

conti nued
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Table XXX 

( c o n t ' d . )

UT date Vo B-V U-B e s t .  
V B-

m.
-V

,e.
U-B

a 0'

1972 Jan 16.12 1 0 .35a 0.68 - 1 1 - 5?12 253? 5

Jan 18.11 10.34a 0 .69 - 1 1 - 5.25 262.6

Jan 20.24 1 0 . 34a 0.67 - 2 2 - 5.37 272.3
Jan 21.16 10. 32a 0.70 0 .28 2 1 2 5.42 276.5
Feb 15.16 11.50 - - 10 - - 6 .24 29.8

Feb 20.07 1 1 .90a 0.75 0 .32 2 1 3 6 .26 51.9
Feb 27.10 12.23a 0.86 - 4 4 - 6.22 83.5

Mar 1.07 12.28 0.77 0 .32 2 3 5 6 .18 96.8

Mar 5.13 12.17 0.82 - 5 4 - 6.10 115.0

Mar 6 .13 12.17 0 .74 - 2 2 - 6.07 119.5

Mar 9 .05 12.04 0.72 0.31 4 3 5 5.99 132.5

Mar 12.06 11.77 0.73 - 1 1 - 5.90 146.0

Mar 24.34 10.85b 0.75 0 .25 10 6 6 5.37 200.7

O b s erv in g  date i n common wi th M i l l i s (1973)

^magnitude t ie d  to  T i t a n .  No standard s ta r  observed.

O b s e r v a t io n  by M. S. Burkhead

VQ is corrected fo r  the f i n i t e  s iz e  o f  lap e tu s 1 o r b i t .  

a re fe rs  to phase angle o f  Saturn,  not lapetus.  The d i f fe r e n c e  

may amount to 0?02.

Mean opposit ion  d is tance:  a = 9.54AU, A = 8 .54  AU.
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and has many observing dates in common, but is t i e d  to  the same 

p r in c ip a l  comparison s ta r  as I used in 1971~72 (+17°703 = van Bueren 

2 3 ) .  Eight dates o f  common V observation of  lapetus y ie ld  the mean 

d i f fe re n c e

(M111i s ) -  VQ(Andersson) = +0.035 ± 0 .02 0 (a )

and i f  one date (1971 Oct 31) is excluded, the d i f fe r e n c e  becomes 

+0.029 ± 0 .0 13 .  (On the discrepant  date Mi 11 is '  magnitude is 0T07 

f a i n t e r  than mine; the B-V a lso d i f f e r  more than u s u a l . )  The Vo

d i f fe r e n c e  is explained by the d i f f e r e n t  V fo r  the standard s ta r  

assumed: Mi 11 is adopted the magnitude given by Johnson and

Knuckles (1955) ,  which (as discussed in sec. D of  th is  chapter)  is 

0T025 f a i n t e r  than tha t  measured by me. Al lowing fo r  th is  zero 

point d i f f e r e n c e ,  the two ser ies  of  lapetus observations are seen 

to be remarkably accordant,  and the mean e r ro r  o f  a s in g le  observa

t io n  can hardly  exceed 0T02 in e i t h e r  ser ies  i f  the observations  

on common dates are rep res en ta t ive .  Many ind iv idua l  observations 

in my photometry have much lower accuracy than 0T0 2 , as seen in the 

es t im a te d -e r ro r  column in Table XXX, but they are not in common 

with  Mi 11 is ;  the comparison wi th  his photometry demonstrates that  

my e r ro r  est imates are r e a l i s t i c .

Since three revolutions of  lapetus are  f a i r l y  wel l  covered by 

i n t e r n a l l y  consistent photometry, there are numerous cases of  

observations a t  near ly  the same ro ta t io n a l  phase but d i f f e r e n t  so lar  

phase angles,  a l lowing the phase c o e f f i c i e n t  to be determined at  

each such ro ta t io n a l  phase. The re levant  observations are l i s t e d
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in Table XXXI. Observations w i t h in  about 5° o f  the same ro ta t io n a l  

phase were grouped together;  a wider range was permitted near 

maximum l i g h t ,  where the slope of  the l i g h t  curve is smal l .  Magni

tudes were corrected to  the mean 0 '  fo r  each group, using the slope  

dV/d0 ‘ from a p re l im inary  l i g h t  curve.  Mi 11 i s 1 observations were 

adjusted by -0^025  f o r  reasons mentioned, and, in a d d i t io n ,  a 

c orrec t ion  f o r  the f i n i t e  s ize  o f  lapetus o r b i t  (amounting a t  most 

to  0T012) was a p p l ie d ,  since my data include such a c o r re c t io n .  

Rotational  phases according to the d e f i n i t i o n  used in th is  work were 

ca lcu la ted  fo r  Mi 11 is '  times of observation (the o r b i t a l  phases 

used in his paper were presumably c a lcu la ted  d i r e c t l y  from elonga

t io n  times given in the A E) . An estimated e r r o r  o f  oToZ has been 

assigned to Mi 11 is '  magnitudes. A l l  magnitude adjustments were 

ca r r ie d  to  the nearest 0T005 .

For most 0 '  values in Table XXXI there  are  e f f e c t i v e l y  two a

values represented,  one a t  ^ 3 °  and one a t  >*t°; a t  the l a t t e r  phase

angle there are  usual ly  several observations .  3 was ca lcu la ted

d i r e c t l y  from the magnitude and a d i f fe ren ces  between the two

points ( f o r  a po int  consis t ing o f  several  observations the mean Vq

and the mean a were used, and the formal m.e. o f  the mean V waso

adopted as estimated e r r o r  fo r  the p o i n t ) .  At 0 ‘ = 120°,  226° ,  and 

257° there  are many and f a i r l y  wel l  d is t r ib u te d  po in ts ,  and least  

squares so lut ions were obta ined.  There are  many points between 

270° and 280° ,  but the so lar  phase angle range is less than 1° ,  

and 3 is indeterminate;  instead,  the value obtained by Frankl in  

and Cook (197*0 is given in Table XXXI.
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Table XXXI

lapetus phase c o e f f i c ie n t s  in V.

Mean 0' 0' V<>
V (mean 0 ' )  a o Ref. 3y (mag/deg)

37° 40?0 11.52 + 0 .04 11.47 1?83 1 0.035 ± 0.010

34.1 11.575 .02 11.625 6.25 M

53 54.1 11.74 + .02 11.725 1.50 1 .041 ± .006

51.9 11.90 .02 11.915 6 .26 2

52.1 11.91 .02 11.925 6.26 M

85 86.2 11.86 + .03 11.86® 0.73 1 .064 ± .005

83.5 11.935 .02 11.94 1.70 M

88.1 12.245 .02 12.25 6.21 M

83.6 12.225 .02 12.23 6 .22 M

83.5 12.24 .04 12.245 6.22 2

9** 95.1 11.84 + .10 11.84® 0.52 1 .062 ± .008

93.6 12.00 .02 12.00 1.93 2

94.2 12.24 .05 12.24® 5.75 2

96.8 12.28 .02 12.285 6.18 2

92.5 12.245 .02 12.245 6.19 M

120 125.2 11.89 + .02 11.96 2.67 2 .051 ± .010

121.4 12.065 .03 12.085 5.41 2

117.6 12.08 .04 12.05 5.47 2

123.9 12.08 .02 12.13 6 .04 M

119.5 12.17 .02 12.165 6.07 2

115.0 12.17 .04 12.11 6 .10 2

135 136.2 11.55 + .03 11.57* 0.67 1 .063 ± .009

134.3 11.765 .02 11.755 2.88 M

137.3 11.915 .02 11.95 5.96 M

132.5 12.04 .06 12.00® 5.99 2

continued
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Table XXXI

( c o n t 'd . )

Mean 0' 0' Vc) VQ(mean 0 ' ) a Ref. 3v (mag/deg)

151° 155?5 11.30 + 0 .03 1 1 . 40b 1 ? 13 1 0.061 ± 0.009

146.0 11.77 .01 11.69 5.90 2

226 224.2 10.49 + .03 10.475 2.75 1 .036 ± .005

228.9 10.47 .03 10.49 2.85 1

218.1 10.595 .02 10.53 3.82 M

221.5 10.595 .02 10.56 4.59 M

226.3 10.545 .02 10.545 4.69 M

230.5 10.51 .02 10.545 4.76 M

231.5 10.52 .02 10.555 4.77 2

257 259.5 10.26 + .02 10.265 2.93 2 .028 ± .009

259.7 10.305 .02 10.31 2.93 M

266.4 10.29 .03 10.30 4.62 1

244.2 10.43 .02 10.39 4.98 M

249.0 10.39 .01 10.37 5.05 2

253.3 10.37 .02 10.36 5.12 M

253.5 10.35 .01 10.34 5.12 2

258.4 10.335 .02 10.335 5.18 M

262.6 10.34 .01 10.35 5.25 2

262.6 10.365 .02 10.375 5.25 M

270 FC .026 ± .005

295 292.7 10.30 ± .02 10.31 2.16 2 .031 ± .013

298.6 10.40 .03 10.39 4.05 1

294.1 10.36 • 03 10.365 4.14 1

323 320.4 10.42 ± .02 10.44 1.49 2 .022 ± .007

321.6 10.525 .02 10.54 5.88 M

326.2 10.565 .02 10.535 5.92 M

continued
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Table XXXI 

(co n c l . )

Mean 0' 0'  Vq VQ(mean 0 ' )  a Ref.  0v (mag/deg)

3*»r 3*»2?6 10.61 ± 0.01 10.625b 0?9*» 2 0.021 ±

339 .8 10.715 .02 10.73 6 .02 M

352 351.5 10.685 ±

CMO
• 1 0 .72b 0.72 M 0.029 ±

353.5 10.895 .02 10.875 6.10 M

anot used in c a lc u la t io n  o f  £5 
b v

corrected f o r  opposi t ion e f f e c t  by +0 .03  ± 0.03

R ef . :  1 Table XXX, 1970 observations

2 Table XXX, 1971“ 72 observations

M Mi 11 is (1973)

FC Frankl in  and Cook (197*0

Points w i th  u n c e r ta in t ie s  2  0*1*05 haVe not been used in c a lc u la t io n

of 6 . v
Points from the 1970 a p p ar i t io n  (Ref.  1) have been assigned a 

minimum e r r o r  o f  01*03.
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An opposit ion  e f f e c t  is expected to  be present,  a t  leas t  on 

the dark s ide.  F rank l in  and Cook (197^) re ce n t ly  presented e v i 

dence tha t  lapetus e x h ib i ts  an opposit ion  e f f e c t  on the b r ig h t  

s ide.  Therefore  the phase function is probably n o n - l in e ar  a t  a l l  

values of  0 ' ,  and i t  is not obvious th a t  a l i n e a r  f i t  is meaningful .  

However, the phase function fo r  0 '  = 270° der ived by Frank l in  and 

Cook can be f i t  very wel l  by a l in e a r  function fo r  1 ° ;5  a £  6 ° ;  

points a t  a«*»0?3 l i e * * * 0 lI,1 above the l i n e a r  fu nc t ion .  I w i l l  

assume tha t  the s t ru c tu re  o f  the phase function is approximately  

the same (except f o r  the varying slope g o f  the l in e a r  p a r t )  a t  a l l  

values of  0 ' .  I t  is c le a r  from the data a t  0 '  = 85° ,  9*»°, and 135° 

in Table XXXI tha t  the assumption is a t  least  not grossly  in e r r o r  

even near the minimum o f  the l i g h t  curve.  At these three ro ta t io n a l  

phases 3 can be der ived wi thout using the data po int  a t  a « *1 ° ,  

which instead can be used as a check. The smal l -a  points l i e  a few 

hundredths of  a magnitude above the l i n e a r  f i t  to the remaining 

poin ts ,  as expected in view o f  the opposit ion  e f f e c t .  At 0 '  = 151°,  

3^1°, and 352° the s in g le  smal l -a  points must be used to obta in  g, 

and have been corrected in Table XXXI fo r  oppos it ion  e f f e c t  by 

adding 0II103; an estimated e r ro r  o f  the same amount has been allowed  

f o r .

gy as a function  o f  0 ‘ is p lo t ted  in F ig .  22. S u rp r is in g ly ,  

the curve is not symmetrical about 0 1 = 90° as is the l i g h t  curve.  

The b e s t - f i t t i n g  sinusoid (with equal weight fo r  a l l  points in the  

least squares s o lu t io n )  is



Figure 22. lapetus '  phase c o e f f i c i e n t  in V as function of  
ro ta t io n a l  phase. The s o l id  curve is

Bv = (0T042 + 0T022 s in ( 0 ' - ^ 5 ° ) ) / d e g
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3v = (0.041 + 0.018 s i n ( 0 ' - 4 4 0) )  mag/deg . (1)

With the c o n st ra in t  tha t  maximum be a t  0' = 9 0 ° ,  the best f i t  is

$v = (0 .040 + 0.015 sin 0 1) mag/deg . (2)

The f i t  o f  (1) is good; only one po int (a t  0' = 85°)  devia tes  by

more than i t s  standard e r ro r  in Table XXXI. Only f i v e  points  dev ia te  

from (2) by less than t h e i r  s .e .

lap etu s1 l i g h t  v a r ia t io n s  are usual ly  in te rpre ted  in terms of  

two surface m a te r ia ls ,  one with  high and one w i th  low albedo, which 

cover the surface in vary ing proport ions .  The color  v a r ia t io n s  

(see below) are consistent wi th  th is  model, in tha t  co lor  extrema 

occur a t  the same t ime-as magnitude extrema. The expression (1) fo r  

the phase c o e f f i c i e n t  would then imply tha t  the l a t t e r  does not

depend on the surface m a te r ia l .  This seems ra ther  u n l i k e l y .  More

observations are urgently  needed. For reductions in the fo l lo w in g ,  

a m od i f ica t ion  of  (1) w i l l  be used, which accomodates the most 

accurate  data points in Fig.  22 somewhat b e t t e r  than ( 1 ) ,  a t  the 

expense o f  the poorer points a t  0'  = 120° and 295°:

3v = (0 .042 + 0.022 s in  ( 0 ' - 4 5 ° ) )  mag/deg . (3)

Using th is  phase c o e f f i c i e n t ,  my data and Mi 11 is '  observations have 

been reduced to a = 4 ° .  This o is chosen instead of the customary 0° 

because i t  is near the average phase angle f o r  a l l  observations .

Then the l i g h t  curve is least  s e n s i t iv e  to e r ro rs  in the expression  

f o r  the phase c o e f f i c i e n t .  The dispers ion about a smoothly drawn 

curve (F ig .  23) is only ^ 0 l 102.



11.0

12.0
V -  (a -V ) ( o l W  + 01*022 sin(e'-ll5“))

180 270 360°

© '
Figure 23. Magnitude of  lapetus versus ro ta t io n a l  phase. VQ has been reduced to a-k°  
by eq. ( 3 ) .  Small dots are M i l l i s 1 (1973) observations.  Open symbols ind ica te  observations  
with  e s t .  m.e. ^  O'l’O**.
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The colors (B-V and U-B) were shown by Harr is  (1961) and by 

Mi 11 is to  vary by a few hundredths of  a magnitude, being reddest  

near 0' = 90° .  My observations,  shown in Fig .  2*» (excluding those 

o f  lowest accuracy),  are  in complete agreement w i th  M i l l i s 1 re s u l ts .  

B-V ranges from 0 .69  to  0 .7 5 ,  and U-B from about 0 .27  to  0 .3 2 .  The 

average e r r o r  is la rge r  in my data than in M i l l i s ' ,  e s p e c ia l l y  in 

U-B. The U-B colors  measured in 1970 are s l i g h t l y  redder than the 

res t  (as was a lso  the case f o r ,  e . g . ,  Rhea) and have in the f ig u r e  

been adjusted by -oTc^.  No dependence on so la r  phase angle is 

d is c e r n ib le  in the co lo rs ,  but because o f  the ra th e r  low accuracy 

o f  the observations phase c o e f f i c i e n t s  as large as 0?005/deg can 

not be excluded in e i t h e r  B-V or U-B. Phase c o e f f i c i e n t s  o f  th is  

order a re  suggested by the work o f  Noland e t  a l .  (197*0 f o r  the 

dark s ide o f  lapetus.

The lapetus observations by Wendell (1913) were converted to  

V magnitudes in the same manner as f o r  T i t a n .  They are l i s t e d  in 

Table XXX I I ,  and are p lo t te d  (reduced to  a = 4°)  versus 0 '  in 

Fig.  25.  Wendell 's  magnitudes were reduced using eq. ( l )  in the  

T i ta n  sec t ion .  Since they are very e a s i l y  c a lc u la t e d ,  the e f f e c t s  

of lapetus'  vary ing B-V color  and the f i n i t e  s iz e  o f  i t s  o r b i t  were 

included, although these e f f e c t s  are hardly  s ig n i f i c a n t  in th is  

photometry where the t y p ic a l  e r r o r  o f  one observation is about oTl .  

The e r ro rs  due to  the airmass d i f fe re n c e s  between lapetus and 

comparison sta rs  are  not included; they may amount to 0I?03 in a 

few cases.  Uncer ta in ty  (due to  co lor  o f  comparison s t a r ,  e t c . )



B -V

0.70

0 .7 5 -

0.80

U-B

0 .2 5 -

0.30

0.35

180

Figure 2**. Colors o f  lapetus versus ro ta t io n a l  phase. U-B data  
from 1970 (measured wi th  the Indiana "o ld"  f i l t e r s )  have been 
adjusted by -0*1*03. Open symbols ind ica te  observations w i th  e s t .  
m.e. £  0*J*04.



♦  •

♦ 1896

* ▲ 1898

Figure 25. Wendell's lapetus observations, reduced to V0 (a = 4 ° ) ,  versus rotational phase. 
Open symbols indicate observations having a colon ( : )  in Table XXXII.
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is indicated in the ta b le  in the same way as fo r  T i t a n .  In a l l  

but a few cases lapetus was f a i n t e r  than the comparison s t a r ,  

often  by two or three  magnitudes. Therefore ,  a small magnitude 

scale  e r r o r  could cause the magnitudes to be sys te m a t ica l ly  in 

e r r o r ,  p a r t i c u l a r l y  a t  minimum br ightness.  The T i ta n  data and two 

nights on which Wendell compared lapetus w i th  two s ta rs  o f  d i f f e r e n t  

br ightness are consistent w i th  a magnitude scale e r r o r  c o e f f i c i e n t ,

I  (see eq. (1) in T i ta n  s e c t io n ) ,  between zero and - 0 . 1 0 .  Therefore  

the maximum and minimum in F ig .  25 could be too b r ig h t  by up to  

oTl and 0T3 , re sp e c t ive ly ;  h a l f  these amounts are more l i k e l y  

est imates .  The l i g h t  curve of  1896-1900 is very s im i l a r  to the 

1970-72 curve (F ig .  2 3 ) .  Both the magnitude a t  maximum and the  

amplitude agree to w i t h in  oTl between the two curves.

The comparison stars  used by G ra f f  (1939) in 1922 are l i s t e d  

in the Appendix and are i d e n t i f i e d  by "11" in the Remarks column.

Most o f  the s ta rs  have been measured only once. The s ta r  +1°2692  

was not measured, since i t  is double,  w i th  comparable components 

and separation about 10".  For one s ta r  (wi th mv = 11.90 in 

G r a f f ' s  Table I )  the p h o to e le c t r ic  V is one magnitude f a i n t e r  than 

G r a f f ' s  adopted magnitude; th is  is possibly  a case o f  m i s i d e n t i f i c a 

t io n .  For the remaining sta rs  V-mv is p lo t te d  against my in F ig .  26;  

a f a i r l y  t i g h t ,  approximately l i n e a r  r e la t i o n  appears.  I f  the two 

sta rs  which are  much b r ig h te r  than the rest  are excluded, the best  

f i t t i n g  s t r a ig h t  l i n e  is

V-mv = 0.12(mv- 8 . 9 5 ) .  (4)



8 10 12 m

Figures 26. G r a f f ' s  (1939) comparison s ta rs :  d i f fe re n c e  between
p h o to e le c t r ic  V and G r a f f ' s  adopted mv , versus magnitude of  the 
s t a r .  The f i t t e d  l in e  has a slope o f  0 .1 2 .
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Table XXXII 

Wendell's lapetus photometry.

Year JD
241000+

Compari son 
Star

mo Vo a 0 ' Rem.

1896 3665.73 -1 4°  4118 10.74 11.01

oo 
•

CM 173°
3672.70 -1 4  4118 10.38 10.65 1.3 205

3674.72 -14  4118 10.24 10.51 1.2 214

3680.70 -1 4  4095 9.98 10.22 0 .6 242

3687.71 -14  4095 
-14  4085

9.89
10.06 10.15 0 .3 270

3691.72 -14 4085 10.08 10.19: 0 .7 293 3

3696.67 -13 4022 10.06 10.28 1.2 315

3709.61 -13 4022 10.89 11.10 2 .5 15

3715.67 -13 4003 11.65 11.76 3.1 42

3721.62 -13 3994 11.81 11.87 3.7 70

3729.71 -13 3994 11.80: 11.86: 4 .2 107 1

3741.62 -12 4141 11.25 11.34 5 .0 162

3750.61 -12 4141 10.68 10.78 5 .4 203

3762.59 y Lib 10.36 10.12: 5 .8 257 5

3771.58 y Lib 10.53: 10. 28 :: 5 .9 298 1,5

3772.58
y Lib 

-12  4141 
y Lib

10.45 
10.24
10.46

10.33 5 .9 302 6

1897 4074.70 -17  4413 10.36 10.50 1.3 220

4090.62 -16  4138 10.36 10.53 2 .8 293

4091.60 -17 4395 10.22 10.38: 2 .9 297 3

4092.63 -16  4138 10.26 10.42 2 .9 302

4094.70 -16 4129 10.34: 10.49: 3 .2 311 1

4097.60 -16 4122 10.34: 10.48: 3 .4 325 1

4098.66 -16  4122 10.48 10.62 3.5 330

4099.68 -16 4122 10.52 10.66 3 .6 334

4100.62 -16 4122 10.54 10.68 3 .7 339

4101.68 -16  4122 10.62 10.76 3.7 344

continued



Table X X X II

( c o n t ' d . )

Year JD 
241000+

Comparison
s ta r

m0 V0 a 0' Rem.

1897 4102.69 -16°4122 10.70 10.84 VjJ • 0 00 .c- 00 0

4112.60 -16  4120 11.28: 11.34: 4 .5 33 1

4113.67 -16  4120 11.54 11.60 4 .6 38

4114.59 -16  4120 
-16  4116 11.73 11.80 4 .6 42

4122.60 -16  4116 11.93: 12.06: 5.1 79 1,3
4127.60 -16  4116 12.04 12.17: 5 .3 102 3
4137.62 -16  4116 11.46: 11.61: 5 .6 148 1,3

4150.56 -16 4120 10.69 10.78 5 .8 206

4170.53 -17  4388 10.34: 10.46: 5 .6 296 1

4171.54 -17  4388 10.33 10.44 5 .6 300

4174.52 -17  4388 10.41 10.52 5 .4 314

4177.52 -17  4388 10.45 10.56 5 .3 327

4183.52 -16  4144 10.74 10.97: 5.1 354 3

4185.50 -17  4413 11.03 11.14 5 .0 3

1898 4431.69 -19 4399 11.25 11.36 0 .9 27

4455.69 -19 4375 11.45 11.64 1.6 137

4456.69 -19  4375 11.40 11.59 1.7 142

4462.72 -19  4374 11.20 11.24: 2 .3 170 4

4477.68 -19 4368 10.20 10.44 3.6 238

4486.67 -19 4368 10.06 10.29 4 .3 279

4487.69 -19 4368 10.12 10.35 4 .4 284

4491.69 -19  4368 10.14: 10.37: 4 .6 302 1

4493.70 -19  4362 10.18 10.40 4 .7 312

1899 4790.68 -21 4648 10.66: 10.66: 2 .6 203 1,3

4792.68 -21 4641 10.37: 10.54: 2 .4 212 1

4805.69 -21 4605 10.06 10.26: 1.1 272 3 ,4

continued
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Table XXXII

( c o n t ' d . )

JD
241000+

Comparison . 
s ta r

m
o

Vo a 0' Rem

4807.68 -21 °4605 10.05 10.24 o°s 281° 3 ,4

4812.69 -21 4605 10.01 10.20 0.5 304 3,4

4816.67 -21 4605 10.06 10.24 0.2 322 3,4

4819.66 -21 4594 10.28 10.40 : 0 .3 336 3

4822.65 -21 4594 10.53 10.64 : 0 .6 350 3
4825.68 -21 4594 10.70 10.81 : 0 .9 3 3

4833.68 -21 4564 11.38 11.42 1.7 40 3

4835.65 -21 4564 11.54 11.59 1.9 49 3

4836.68 -21 4564 11.68 11.72 2.0 54 3
4839.66 -21 4564 11.82 11.86 2 .3 67 3

4846.61 -21 4554 11.98 12.16 2 .9 99 3

4847.66 -21 4554 11.78 11.95 3.0 104 3

4849.68 -21 4554 11.77 11.94 3.2 113 3

4850.66 -21 4554 11.74: 11.91 3.3 118 1,3

4851.66 -21 4554 11.65: 11.82 3 .4 122 1,3

4854.59 -21 4554 11.56 11.73 3 .7 136 3

4862.66 -21 4540 10.71 11.96 4 .2 173

4863.65 -21 4539 10.90 11.16 4 .3 177

4864.67 -21 4539 10.80 11.06 4 .4 182

4867.60 -21 4539 10.60 10.86 4.5 195

4875.60 -21 4540 10.30 10.55 5.0 232

4881.56 -21 4540 10.08 10.32 5 .3 259

4884.54 -21 4540 10.06 10.31 5 .4 273

4902.53 -21 4540 10.74 10.98 5.8 355

4903.55 -21 4540 10.98 11.21 5 .8 0

4904.54 -21 4540 11.28: 11.50 5 .8 4 1

4905.54 -21 4540 11.26 11.49 5 .8 9

4911.53 -21 4540 11.42: 11.65 5 .7 36 1

continued
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Table XXXII 

(conc l . )

Year JD
241000+

Comparison
s tar

mo Vo a 0' Rem.

1900 5147.75 -22°4722 11.63: 11.33 4? 4 11° M
5162.74 -22 4702 12.05 11.81 3.2 80 2,5

5175,72 -22 4655 11.56 11.45 1.9 140 2

5180.69 -22 4648 11.26 11.23 1.5 162 2 ,4

5191.67 -22 4613 10.40 10.34 0 .3 213 5

5194.69 -22 4619 10.34 10.22 0.1 227 5

5201.76 -22 4597 10.11 10.19 0 .8 259

5206.61 -22 4581 10.13 10.11 1.3 282 2 ,5

5208.76 -22 4581 10.34 10.31 1.5 291 2 ,5

5214.68 -22 4555 10.38 10.37 2.1 319 5

5220.68 -22 4555 10.74 10.73 2 .6 346 5

5228.69 -22 4511 11.01 11.09 3 .3 23 5

5231.63 -22 4511 11.55 11.63 3 .6 36 5

5275.56 -22 4480 10.38 10.47 5 .7 236

5285.53 -22 4480 10.30 10.38 5 .8 281

Remarks: 1 Wendell 's  ind iv idua l  observations discrepant

(range >  oT110)

2 comparison s ta r  measured only once (Appendix)

3 e s t .  e r r o r  o f  s t a r ' s  V magnitude ^  oTo^

4 B-V o f  s ta r  >  1.60

5 B-V o f  s ta r  <£ O^O

6 only magnitude re fe r re d  to  - 1 2°4141 used

V = m + (V ,  o o s ta r m ) + 0 .30  (B-V) „ -  0 .216 -  0 .009 sin 0's t a r '  ' ' s t a r

-  0 .012 cos 0 ' ,

where the sin 0'  term is due to  the co lor  v a r i a t i o n  o f  lapetus and 

the cos 0' term is due to  the f i n i t e  s iz e  o f  the s a t e l l i t e  o r b i t .
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The standard d e v ia t io n  o f  the points  w i th  mv > 8 is 0T0 6 . There 

is no c o r r e la t io n  between the d e v ia t io n  from (k)  and the B-V c o lo r ,  

but the reddest s ta rs  are  a l l  b r ig h te r  than the average magnitude,  

so a small co lor  term may be hidden in ( 4 ) .  Since lapetus'  B-V is 

near ly  equal to the average fo r  the s t a r s ,  any co lor  term is not 

expected to  a f f e c t  the lapetus photometry.

G r a f f ' s  observations of  lapetus are given in Table X X X I I I .  

G raf f  usua l ly  made two or three observations per n ig h t ,  but only 

n ig h t ly  means are  given in the Table .  The re s u l t in g  l i g h t  curve,  

reduced to  ex = 4 ° ,  is shown in F ig .  27. The magnitude a t  maximum 

is w e l l - d e f in e d  and p r a c t i c a l l y  the same as in 1970-72.  The 

minimum is decidedly  asymmetric and very deep. The points near 

0' = 90° are mostly q u i te  uncer ta in ,  the points  on the r is in g  

branch are  few, and most o f  the points  on the descending branch 

have phase angles less than 1° and may be inf luenced by the  

opposit ion  e f f e c t .  The r e la t i o n  (**) may not hold very wel l  at  

the f a i n t  end o f  the s ta r  sequence, where the magnitude is about 

the same as th a t  o f  lapetus a t  minimum. The informat ion derived  

from G r a f f ' s  l i g h t  curve is thus ra th e r  unc er ta in ,  except fo r  the 

magnitude a t  maximum.

The most widely  quoted p re -p h o to e le c t r i c  photometry o f  

lapetus is th a t  o f  Widorn (1950).  UBV photometry o f  his comparison 

stars  is given in the Appendix ("9" in the Remarks column th e r e ) .  

The V magnitude o f  the s ta r  +11°2239 is 0?5 b r ig h te r  than the m̂  

quoted by Widorn; a m ispr in t  in his paper is probable.  The other



' VJ-btfo*

JS

Figure 27. G r a f f ' s  lapetus observat ions,  reduced to  V0 (a=i»0 ) ,  versus ro ta t io n a l  phase. 
Open symbols ind ica te  observations having a colon ( : )  in Table X X X I I I .



Table X X X I I I  

G r a f f ' s  lapetus photometry.

UT date  
1922

m0 V0 a 0' m-m0

Feb 13.06 10.79 11.03 4?00 184° 0.07

21.08 10.29 10.46 3.32 221 .05

21.96 10.28 10.46 3 .24 225 .05

28.05 10.15 10.30 2.65 253 .03

Mar 17.97 10. 32 : 10.48: 0 .80 335 .01

20.98 10.49 10.66 0 .50 349 .01

23.01 10.54: 10.72: 0 .33 359 .01

26.96 10.72 10.92 0 .38 17 .01

29.98 10.98 11.22 0.65 31 .01

31.90 11.32: 11.59: 0 .85 40 .01

Apr 1.97 11.17 11.43 0.97 44 .01

5 .90 11.71 12.03 1.38 62 .01

6 .86 11.74 12.07 1.49 67 .01

7.92 12.01 12.37 1.60 72 .02

9 .90 12.23: 12.62: 1.81 81 .02

10.87 12.02: 12.38: 1.91 85 .02

19.90 11.23: 11.84: 2 .79 127 .03

20.88 11.62: 11.95: 2 .89 131 .03

27.96 11.26 11.56 3.56 164 .05

29.95 10.95: 11.21: 3 .73 173 .06

May 2 .94 10.91 11.16 3.98 187 .06

11.93 10.29 10.47 4 .65 228 .09

13.95 10.15 10.32 4 .78 237 .09

15.90 10.28 10.45 4.92 246 .10

16.92 10.21: 10.38: 4 .98 250 .10

17.89 10.24 10.41 5.05 155 .11

18 .3k 10.18: 10.34: 5.11 260 .11

20.98 10.21 10.38 5.22 269 .12

continued
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T a b l e  X X X I I I  

( C o n t ' d . )

UT date m V a 0' m-m
1922 0 0 0

May 22.01 10.18 10.34 5?28 274° 0.12

22.86 10.17 10.33 5 .32 277 .12

23.97 10.21: 10. 38 : 5 .38 282 .13

26.90 10.18 10.34 5.52 296 .14

27.90 10.23: 10.39: 5 .56 300 .14

28.88 10.15: 10.30: 5 .60 305 .15

29.92 10.26: 10.43: 5 .64 310 .15
30.92 10.16 10.32 5 .68 314 .15

Jun I .98 10.36: 10.54: 5 .75 324 .16

8 .94 10.48: 10.68: 5 .94 355 .19

9.89 10.70: 10.92: 5.96 360 .19

V = m + 0 0 0 . 1 2 (m + 0 (m-mQ) -  8 .95) + 0.012 cos 0 ‘

mQ Is n ig h t l y  mean o f  G r a f f ' s  observations,  reduced to mean 

opposi t ion using a = 9 .54  AU.
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seven s ta rs  give  fo r  the d i f f e r e n c e  between the p h o to e le c t r ic  and 

Widorn's adopted magnitude:

V -  = 0 .03  ± 0 .15  ( a ) .

There is no obvious dependence of  V-mv on e i t h e r  magnitude or  

B-V c o lo r ,  but because o f  the large  s c a t t e r  and small number o f  

stars  moderate such e f f e c t s  can not be ruled out .  Since the mean 

B-V f o r  the s ta rs  is about the same as that  fo r  lapetus,  any 

co lor  term should not a f f e c t  the lapetus photometry anyway. Widorn's  

observations (n ig h t ly  means) are l i s t e d  in Table XXXIV ,  and the 

re s u l t in g  l i g h t  curve (reduced to a=k° , using (3 ) )  is shown in 

Fig.  28. As fo r  G r a f f ' s  curve,  most points  on the descending 

branch have a< 1° and are  presumably a f fe c te d  by the opposit ion  

e f f e c t .  The maximum is remarkably b r ig h t  and broad; the minimum 

is narrow and a t  about the same magnitude as in the recent l i g h t  

curves.  The p o s s i b i l i t y  o f  a magnitude sca le  e r r o r  makes the 

minimum magnitude very uncer ta in .

Of o ther  e a r l y  photometry o f  lapetus,  tha t  reported by 

Pickering (1879) and th a t  by Guthnick (1910) were made w i th  Saturn 

in the same par t  o f  i t s  o r b i t .  One would expect the two l ig h t  

curves to be q u i te  s i m i l a r ,  but they are  not .  Guthnick c a r r ie s  

through very e la bora te  c a lc u la t io n s  of  f i t t i n g  model albedo d i s t r i 

butions to the two l i g h t  curves,  and discusses the s t r i k i n g  d i f fe r e n c e  

between the curves in terms o f  an atmosphere on lapetus.  However, 

i t  is l i k e l y  tha t  there  are large systematic e r rors  in P icke r in g 's  

photometry; the fa c t  th a t  he found Hyperion on the average barely
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360°180
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Figure 28. Widorn1s lapetus observat ions,  reduced to  V (a = 4 ° ) ,  versus ro ta t io n a l  phase.
Open symbols ind ica te  observations having a colon ( : )  in Table XXXIV.
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Table X X X IV  

Widorn's lapetus photometry.

UT date  
1922

m0 V0 a 0'

Jan 22.90 9.97 10.00 3o23 231'

23.85 10.00 10.03 3.15 235

24.86 9 .88 9.91 3.06 240

26.85 9 .97 10.00 2.84 249

28.85 9 .97 : 10.00: 2.65 258

29.85 9 .89 9.92 2 .54 263

Feb 2.82 9 .95 9.98 2.12 281

3.82 9.81 9 .84 2.01 286

4.82 9 .86 9.90 1.90 290

6.83 10.05 10.09 1.68 299

7.86 10.10 10.13 1.57 304

10.80 10.01: 10.05: 1.24 318

14.78 10.27: 10.31: 0 .79 336

16.79 10.43 10.47 0.57 345

18.80 10.63 10.67 0.35 354

20.80 10.62 10.66 0 .19 3

21.82 10.62 10.66 0 .18 8

23.77 10.72 10.76 O.32 17

28.81 11.33 11.37 0 .88 40

Mar 2 .78 11.54 11.58 1.11 49

3.78 11.54 11.57 1.21 54

7 .84 11.95 11.98 1.66 72

8.78 11.75 11.78 1.77 77

9 .78 11.88 11.91 1.88 82

15.77 11.87 11.90 2.52 109

17.76 11.63 11.65 2.72 118

18.79 11.51 11.54 2.83 123

21.84

continued

11.09 11.11 3.13 137



174

Table XXXIV 

( c o n t ' d . )

UT date  m V a 0'
m o o  °  o

Mar 23.72 11.21 11.23 3? 32 146

24.77 10.93 10.95 3.42 150

25.83 10.86 10.88 3.52 155

26.77 10.87 10.89 3.61 160

27.78 10.68 10.70 3.70 165

29-79 10.61 10.63 3.89 174

31.66 10.39 10.41 4.04 182

Apr 1.77 10.30 10.32 4.15 187

V = m + 0 .03  ~ 0.012 cos 0'0 0
mo is n ig h t l y  mean o f  Widorn's observations ,  reduced 

to  mean opposit ion  using a = 9 .54  All.
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three magnitudes f a i n t e r  than Rhea, wh i le  the d i f fe r e n c e  according  

to  PE measurements is about **?5, suggests tha t  a magnitude scale  

e r r o r  is present.  Guthnick's photometry seems more r e l i a b l e ,  and 

PE photometry o f  his comparison stars  is contemplated.  The s ta r  

magnitudes are  t i e d  to the HR system; the systematic e rrors  are  

probably smal l ,  a t  least fo r  magnitudes near lap e tu s 1 maximum. 

I n c id e n t a l l y ,  Guthnick made the f i r s t  attempt a t  determining a 

phase c o e f f i c i e n t  fo r  lapetus; he concluded th a t  3 is less than 

oToi /deg,  which is much too small and shows tha t  his ind iv idua l  

observations are a t  least occas ional ly  in e r ro r  by * *  0T2 or more.

The few PE observations by Harr is  (1961) in 1951“53 d e f in e  a 

very fragmentary l i g h t  curve; the so lar  phase angles o f  the obser

vat ions are unknown. Since the phase c o e f f i c i e n t  is o n l y o 1 102/deg 

a t  maximum l i g h t ,  his observations in the in te rv a l  260° < 0 ‘ < 330° 

nevertheless g ive lapetus1 magnitude a t  maximum with  an e r r o r  

u n l ik e ly  to be as large as 0T 1.

F ra nk l in  and Cook (197*0 have reported BV photometry o f  s ix  

lapetus maxima in 1972-7**. There are observing dates in common 

with  both mine and Mi 11 is '  photometry. As mentioned in the T i ta n  

sec t ion ,  the V magnitudes o f  F rank l in  and Cook are about 0T03 too 

f a i n t  on my sca le .

The ra ther  fragmentary l i g h t  curve of  Noland e t  a l .  (197**),  

which is based on narrowband photometry, is in good agreement wi th  

the 1970-72 curve from mine and Mi 11 is '  observations.  The i n d i v i 

dual lapetus observations are given as magnitudes r e l a t i v e  to  the
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s ta r  37 Tau. From observing dates in common wi th  F ra nk l in  and

Cook i t  appears th a t  V magnitudes (on my system) can be obtained
o

from the y magnitudes o f  Noland e t  a l .  by adding + 4 .29 ;  t h e i r

V magnitudes fo r  standard s ta rs  (which requ ire  a c o r rec t io n  of

- 0T02) and t h e i r  mean values o f  Vq and y f o r  lapetus y ie ld  the

correct ion  + 4 .35 .  The source o f  the oTob discrepancy is unclear .

For use in Table XXXV I adopt a correc t ion  o f  + 4 .3 2 .

The v isual  photometric l i g h t  curve o f  Payne (1971b) from

observations in 1968-70 has a magnitude a t  maximum in rough agreement

with  the PE photometry,  but has a f a i n t e r  minimum. Since only one

comparison s ta r  was used (+7°258; see Appendix) the magnitude scale

term can not be determined.

The narrowband observations o f  McCord e t  a l .  (1971) de f ine

only a small par t  o f  the l i g h t  curve.  As p rev ious ly  noted not

enough information is supplied to  a l low a r e l i a b l e  transformat ion

to V magnitudes.

Data fo r  various ser ies  o f  lapetus observations are  c o l le c ted

in Table XXXV. The magnitudes a t  maximum and minimum are  reduced

to  a = 4° using S = 0l1020 and oTo64/deg, r e s p e c t iv e ly .  The e r r o r

estimates are  very approximate.  Kq and K1 are c o e f f i c i e n t s  in the

Four ier  ser ies  representa t ion of  the l i g h t  curve ( in  i n t e n s i t y  u n i t s ) ,

as described in ch. V : D; the scale  is such tha t  a brightness of

uni ty  corresponds to Vq = 12 .5 .  Since most o f  the l i g h t  curves

l i s t e d  are not very accurate ,  K and K were eva luated in the 1 ’ o 1

simplest manner possible (Kq was taken as the mean of  the brightnesses
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Table XXXV  

lapetus l i g h t  curves.

Years Mean
date

V (max) 0 V (min) 0 XS 4>© K0 K1
+

1896-1900 1898.5

O+1LAc
a•

0

. 05 12.1 ±0 .2 252° +15° 3 .8 2 .9 0 .3

1905-08 1907.0 10.10 .15 11.9 .3 346 -  5 5 .0 3 .9 1.0

1922 1922.3 10.33 .05 12.5 .3 186 +10 4.0 3.2 0 .4

1949 1949.1 10.00 .10 12.0 .3 155 + 2 5 .7 4 .2 0 .8

1951-53 1952.5 10.24 • 05 - 196 + 12 - -

1970 1970.8 10.31 .03 12.10 .05 48 -15 r 3 .0 0.15

1971-72 1971.9 10.28 • 03 12.16 .03 63 -15 4.3 3.2 0.15

1972-73 1972.9 10.26 .04 12.19 .05 76 -14 4.2 3 .3 0 .2

1973-74 1973.9 10.27 .03 - 90 -13 - -

V (max) reduced to a=4° w i th  g = 0.020/deg  o

V (min) " " " " .064 "o

The same e r r o r  est imate  appl ies  to  both K and K , .o 1

Ag = h e l io c e n t r i c  longi tude of  Saturn

<f> = p lanetographic  ( lapetus)  l a t i t u d e  of  subsolar point
©

Since the motion in Ac amounts to  1 2 ° /y e a r ,  and in <(> up to 4 ° /y e a r ,  

the tabu la ted  values should only be considered as representa t ive  

values f o r  the observing period in quest ion.

For re ferences,  see t e x t .
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a t  0 1 = 0 ° ,  90 ° ,  180°, and 270° ,  and as h a l f  the d i f fe r e n c e  between

the maximum and minimum br igh tnes s ) ,  and higher terms were not

c a lc u la ted .  P lo ts  o f  Kq and K1 versus X  ̂ ( h e l io c e n t r i c  longitude of

Saturn) are shown in F ig .  29. I t  is obvious tha t  more high-accuracy

l i g h t  curves from various parts o f  Saturn 's  o r b i t  are required before

a good so lu t ion  fo r  the o r i e n ta t io n  of  lapetus'  spin ax is  can be

obtained. From the best data points alone (the  p h o to e le c t r ic  l ig h t

curves since 1970, the mean l i g h t  curve from Wendell 's observations ,

and perhaps G r a f f ' s  data)  i t  is not obvious tha t  K and K vary a to i

a l l ,  but i f  the data of  Widorn and Guthnick are to be taken ser ious ly

the v a r ia t io n  is q u i te  large ,  implying a large o b l i q u i t y .  In th is

case one pole is a t  longitude ^ 5 0 ° ,  because K is a minimum there;

and since K a lso  has a minimum there  and another minimum at  the o

longitude 180° away, dark polar caps are implied.

The o b l i q u i t y  o f  a body which moves in a precessing o r b i t  and 

whose spin evolves under the in f luence of  bodi ly  t id e s ,  w i l l  

u l t im a t e ly  reach one o f  two possible s ta b le  s ta tes  (Peale 197*0- 

(Under c e r ta in  circumstances a t h i r d  s ta b le  s ta te  is p oss ib le . )

In one o f  these "Cassini s ta te s "  the o b l i q u i t y  is very small ;  in 

the o th er ,  the spin a x is ,  the o r b i t  normal, and the normal to the 

s a t e l l i t e ' s  “ proper plane" ( e . g . ,  Brouwer and Clemence 1961, p. 81) 

are coplanar ,  and the normal to the proper plane l i e s  between the  

other  two vectors .  Mercury is an example of  the f i r s t  s ta te  and 

the Moon, o f  the second. The o r b i t  o f  lapetus precesses about i ts  

proper plane w i th  a period of  about 3000 years and an in c l in a t io n
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Figure 29. Four ier c o e f f i c i e n t s  KQ and Kj o f  lapetus l i g h t  curves,  
versus h e l io c e n t r i c  longitude of  Saturn.  See t e x t  fo r  d e t a i l s .



o f  8 ° .  I f  lapetus Is in one of  the two Cassini  s ta tes  mentioned,  

i t s  o b l i q u i t y  is e i t h e r  close to  zero or e ls e  ^  8 ° .  The i n c l i n a 

t ion  of  the equator o f  lapetus to the o r b i t  o f  Saturn (which la rg e ly  

determines the range o f  aspects as seen from Earth)  i s ,  in the  

f i r s t  case,  15° ( in  1970; c u r r e n t ly  decreasing by 1?5 per c en tu ry ) ,  

and in the second case £  11° (F ig .  3 0 ) .  Using the formulae of  

ch. V:D one f inds fo r  the f i r s t  case th a t  the observed amplitude  

(K^) o f  lapetus should vary by about 3% and have a minimum when 

the longitude of  Saturn is X  ̂ 50° .  The second Cassini s ta te  

encompasses a range o f  possible o b l i q u i t i e s  e; i f  e  SJ 8° the  

amplitude w i l l  vary by 2% and have one minimum near X  ̂ = 8 0° ,  and 

i f  e = 40° the amplitude w i l l  vary by and have a minimum

near X  ̂ = l 6 0 ° .  Although the neglected higher terms in equations  

(3) to (7) in ch. V:D may modify these f ig u res  somewhat, the l i g h t  

curve o f  Widorn (taken a t  face value) is c l e a r l y  incompatible wi th  

lapetus being in one of  the two Cassini  s ta tes  mentioned. Since 

the spin ra te  o f  the s a t e l l i t e  has reached i t s  f i n a l  s t a t e ,  i t  

would appear very u n l ik e ly  tha t  the o b l i q u i t y  has not reached one 

of  i t s  f i n a l  s ta te s .  Therefore  I conclude th a t  Widorn's magnitudes 

fo r  lapetus require  a correc t ion  of  a t  least  + 0 .2 ;  th is  is somewhat 

d is tu rb ing  in view of  his adopted mean magnitudes fo r  Tethys,  Dione,  

and Rhea, which are a l l  s l i g h t l y  f a i n t e r  than the p h o to e le c t r ic  

values.

Morrison e t  a l .  (197i |a)use the PE photometry and Widorn's  

resu l ts  to der ive  a model albedo d i s t r i b u t i o n  fo r  lapetus.  From



Locus o f  possible
pole posit ions ( f o r  1970)
f o r  second Cassini  s ta te

Pole of  Saturn's  
orbi  t Pole o f  proper plane

#  Pole o f  r ing plane

7?8

2000 1900,

Pole o f  lapetu s1 o r b i t

Figure 30. Geometric re la t io n s  between the spin a x is ,  proper plane,  and o r b i t a l  plane of  
lapetus,  Saturn 's  o r b i t a l  plane,  and the plane of  the r ings .  Adapted from Kuiper (1956).  
See te x t  fo r  d e t a i l s .
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the large amplitude of  Widorn's curve they argue th a t  the s a t e l l i t e  

has a b r ig h t  southern polar  cap; in essence, they assume that  

Widorn's data are f r e e  o f  any magnitude scale  e r r o r ,  in which case 

the apparent d i f fe re n c e  in maximum brightness between 1949 and 1971“ 73 

is due to a large zero po int e r r o r  in Widorn's photometry 

(V -  mv d + 0 . 4 ) .  In view of  the re su i ts  in the previous paragraph 

the re su l ts  o f  Widorn are probably too uncerta in  to j u s t i f y  t h e i r  

use in c a lc u la t io n s  such as those by Morrison e t  a l .  In any case,

PE l i g h t  curves during the next several  a ppar i t ions  of  Saturn w i l l  

al low a pre l im inary  o b l i q u i t y  to be determined; in 1978 and 1979 

Saturn w i l l  be in the same part  o f  i t s  o r b i t  as in 1949.

J. Phoebe.

The outermost s a t e l l i t e  o f  Saturn is much f a i n t e r  than the 

value of  V = 14 quoted in many textbooks.  Phoebe was observed fo r  

the f i r s t  time p h o t o e l e c t r i c a l l y  in 1970 Dec w i th  the 82- inch  

te lescope. Good photometry was f u r t h e r  obtained in 1971 Nov wi th  

observations during several hours on each o f  four  n ig h ts .  In 1972 

Dec and 1973 Jan Phoebe was measured on four  nights by M. S. Burkhead, 

w hi le  a few poor magnitudes were obtained during the same period  

by the author .  The PE photometry is summarized in Table XXXVI.

One photographic magnitude determination by Kuiper (1961) and 

th ree communicated by E. Roemer are l i s t e d  in Table XXXVII. These 

photographic determinations are in good agreement w i th  the PE data .

The n ig h t ly  means of Vq are p lo t te d  versus so lar  phase angle
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Table  XXXVI 

Phoebe photometry.

1 2 3 4 5 6 7 8

1970 Dec 2k. 1k 16.62 0.64 0 .30 1 1 1 5 4?47 +0.12

31.1 k 16.61 0.71 0.27 1 1 1 6 5.00 + .10

1971 Nov 9 .2 16.30 0 .67 : - 5 2 4 1.98 + .17

10.3 16.40 0 .58 0 .41: 6 1 1 4 1.88 + .17

13 .k 16.30 0.70 0 .37 5 1 1 3 1.52 + .18

18.3 16.30 - - 6 6 0.97 + .18

1972 Dec 3 0 . 17a 16.52 0.59 - 1 1 4 2.40 + .23

3 1 . 21a 16.49 0.67 - 1 1 4 2.51 + .23

1973 Jan 3.2 16.40 - - 3 10 2.83 + .22

k. 2 16.39 0 .75 : - 3 1 10 2.92 + .22

10.12a 16.49 0.67 0 .34 1 1 1 4 3.53 + .20

1 2 . 153 16.59 0 .67 - 1 1 4 3 .73 + .19

Observation by M. S. Burkhead 

Column headings 1 UT date  

2

3
4

5

6

Vo
B-V

U-B

No. o f  observations in V, B, and U 

Estimated m.e. o f  s in g le  V observation  

(un i ts  o f  oToi)

7 Solar phase angle o f  Phoebe

8 Reduction to mean opposit ion (V -V)  

Mean opposit ion  dis tance: a = 3 .5 k  AU, A = 8 .54  AU
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Table XXXVII

Photographic observations o f  Phoebe.

UT date Observer m
P9

a ElOE m -m  o o m
P9o

1952 Feb 5 Kuiper 17.3: 5?1 - 0 . 0 9 - 0 .0 6 17.2

1968 Nov 24 Roemer 17.0: 4 .0 + • O -  .00 17.0

1969 Nov 4 I I 17.0 o • 00 + .11 + .26 17.4

1970 Nov 26 I I 16.5 1.7 + .20 + .14 16.8

The correc t ion  to zero phase angle (mQ -  rn 

phase func t ion .

) uses Gehrels'3 astero id

Observers and telescope: Kuiper,  

Roemer,
I I t

8 2 - inch,  

61- inch ,  

9 0 - inch,

McDonald 

Cata l ina  

Steward '

Obs.

Obs.

Obs.
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in Fig.  31* The b e s t - f i t t i n g  s t r a ig h t  l in e  has a slope o f  oTo9/deg.  

C le a r ly  an opposit ion e f f e c t  must be present ,  and the phase function  

is steeper than the standard a s te ro id  fu nct ion .  Because o f  the 

small range of  phase angle a v a i l a b l e  fo r  observation ,  one can not 

separate the l in e a r  phase function from the opposit ion  e f f e c t ;  the 

acceptable combinations range from about 3 = oTlO/deg, <J> = 0 ,  to  

3 = 0,  <j> = 2. The data a t  a > 2° reduced w i th  Gehrels'  function  

give a mean opposit ion  magnitude of  VQ = 16.58,  w h i le  the four  

nights a t  a < 2° give  Vq = 16.A8. VQ(a= 2°) is f a i r l y  wel l  determined 

a t  16.38.  In these averages the two poor nights of  1973 Jan 3 and 

k have been ignored.

The observations in 1971 Nov suggested th a t  a ro ta t io n a l  

v a r ia t io n  was present,  although the amplitude and period was not 

immediately ev ident .  The observations,  which are l i s t e d  in

Table X XX V I I I ,  were assembled on numerous t r i a l  periods ranging

h h h hfrom 8 to 50 . The most promising periods are  near 11.3 and 21 .5 ;

the exact values depend somewhat on what slope fo r  the phase function

is adopted fo r  reducing the observations to a common phase angle.

For a slope o f  oTlS/deg (corresponding to ,  e . g . ,  3 = oToS/deg and
L L

<|> = 1 .5)  the best f i t s  are obtained fo r  P = 11.25 and 2 1 .2 ,  and the 

corresponding l i g h t  curves are shown in Fig.  32. Assembling the 

1972/73 data on these periods obta ins ra ther  unconvincing l i g h t  

curves of  apparently  somewhat smal ler  amplitude ( ~ o T l )  than the  

1971 observations («•* 0?23 ) . The above-mentioned periods r e f e r  to 

l i g h t  curve in te rv a ls  conta in ing one maximum and one minimum;
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16.5-

16.6

ex.

Figure 31. Magnitude o f  Phoebe versus so lar  phase angle.  Error  
bars are derived from the e s t .  m.e.  and number o f  observations in 
Table XXXVI. The s o l id  curve is G ehre ls1 as tero id  function  
( c f .  Fig .  1) .
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•  Nov 9 

■  Nov 10

•  Nov 13 

A Nov 18

360° 0 '90 270
Figure 32. Light curves of  Phoebe, assembled from observations in 
1971 Nov, on periods 11^25 and 21^20. Reduced to a=2° using 
3 = 0™15/deg. Epoch o f  ro ta t io n a l  phase: 1971 Nov 9 .00  UT.
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T a b le  XXXVIII

Observations of  Phoebe, 1971 Nov.

JT date Vo five.
(0701)

Vo (a=2°) Phase on 
1ll?25

period  
21.20

9?21 16.25 7 16.25 0 .45 0 .24

9.23 16.30 3 16.30 .50 .26

9.25 16.28 3 16.28 .53 .28

9 .26 16.30 3 16.30 .56 .30

9.28 16.37 6 16.37 .59 .31

10.25 16.40 3 16.42 .66 .41

10.26 16.34 3 16.36 .68 .42

10.27 16.50 6 16.52 .70 .43

10.30 16.36 3 16.38 .77 .47

10.31 16.40 4 16.42 .79

00-3*•

10.34 16.43 6 16.45 .85 .51

13.35 16.36 3 16.43 .29 .93

13.37 16.34 3 16.41 .32 .95

13.41 16.33 3 16.40 .41 .00

13.46 16.23 4 16.30 .51 .05

13.51 16.26 3 16.33 .62 .10

18.22 16.22 4 16.37 .66 .43

18.27 16.26 5 16.41 .77 .49

18.32 16.34 5 16 49 .88 .55

18.37 16.39 6 16.54 .98 .60

18.42 16.36 8 16.51 .11 .67

18.48 16.31 8 16.46 .23 .74

Correct ion to a = 2° uses a phase function slope = 0Tl5/deg

Rotat iona l  phase equals zero a t  9?00
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asteroids  g e n e ra l ly  show two maxima and two minima per r o t a t io n ,  so 

i t  is l i k e l y  th a t  the photometric period should be doubled to  

give  the actual  period of  r o t a t io n .  U n t i l  fu r t h e r  photometric  

data f o r  Phoebe are  a v a i l a b l e ,  these resu l ts  on the s a t e l l i t e ' s  

r o ta t io n  should be regarded as t e n t a t i v e .

Phoebe's colors  are  B-V = 0 .66  ± .02 and U-B = 0 .33  ± *03 

(m.e. o f  mean). In the two-color  diagram (F ig .  6) Phoebe l i e s  at  

the extreme l e f t  edge (blue B-V) of  the d i s t r i b u t i o n  of  as te ro ids .  

The most near ly  s im i la r  in co lor  among so lar  system objects  are  

some o f  Saturn 's  o ther  s a t e l l i t e s  and a few a s te ro id s ,  including  

2 Pa l las .

K. S a t e l l i t e s  o f  Uranus.

The trustw orthy  photometric mater ia l  on Uranus’ s a t e l l i t e s  

is very scanty.  Harr is  (1961) reports  PE measures of  T i t a n i a  and 

Oberon on three  n ights  (but the dates o f  observation are not g iven) ;  

he a lso reports  photographic magnitudes determined by Gehrels fo r  

Miranda, A r i e l ,  and Umbriel .  Among the v isual  est imates scattered  

in the l i t e r a t u r e ,  those o f  Steavenson (196A) in 1950 are given 

with  s u f f i c i e n t  d e t a i l s  o f  circumstances of  observation fo r  re

reduct ion,  and re s u l ts  o f  the rediscussion is presented here.

The new PE photometry o f  T i t a n i a  is given in Table XXXIX, and 

tha t  o f  Oberon in Table XL. The comparison sta rs  used are l i s t e d  

in Table XLI .  Vq is p lo t te d  versus o r b i t a l  phase fo r  both s a t e l 

l i t e s  in Fig.  33. I f  the e r ro r  bars fo r  T i t a n i a  are r e a l i s t i c ,



Titania

Oberon

*

Oberon

Figure 33. Magnitudes o f  T i t a n i a  and Oberon versus ro ta t io n a l  phase 
(assuming synchronous r o t a t i o n ) .  Open symbols ind ica te  observations  
w ith  e s t .  m.e.  O^O?.
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New T i t a n i a  photometry.

UT date Vo Bo uo est
V

•  m * 
B

e.
U

a 0' Method Star

1970 Dec 31.47 14.22 14.81 15.11 4 4 5 3?06 359° scan 2

1972 Jan 16.52 13.89 14.59 - 4 3 - 3.05 277 cd
ss

4

Jan 21.49 14.05 - - 6 - - 3.01 123 cd 3

Jun 15.21 14.08 14.82 - 10 7 - 2 .97 28 cd 5

Jun 16.25 13.91 14.67 14.92 3 2 8 2.99 71 cd 5

1973 Jan 3.53 13.84 - - 15 - - 3.02 115 cd -4

Mean 14.01 14.72 15.02

m.e. o f  mean .06 .06 .10

Method o f  measurement: scan d r i f t  scan

cd concentr ic  diaphragms

ss symmetrical skies

Column headed "S ta r"  gives comparison s ta r  used:

1 38 V i r

2 HR 4896

3 BD-5°3636

4 BD-6°3742

5 BD-4°3377

Mean opposit ion  d is tance: a = 19.22 All, A = 18.22 AU.
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T a b le  XL

New Oberon photometry.

UT date V0 B0 U0 est
V

•  nil 6 1
B U

a 0' Method Star

1970 Dec 24.48 14.23 14.90 - 4 10 - 3?01 229° ss 1

Dec 27.49 14.32 15.01 15.16 6 6 ? 3 .04 309 ? 1

Dec 31.46 14.25 14.97 .15.21 ? ? ? 3.06 55 7 2

1972 Jan 12.48 14.34 15.00 - 4 8 - 3.07 58 ss 3 ,4

Jan 14.51 14.33 15.03 - 3 2 3.06 112 ss
cd

3 ,4

Jan 16.53 14.35 - - 12 - - 3.05 166 cd 4

Jan 18.46 14.24 14.91 - 2 2 - 3.04 218 ss
cd

3 ,4

Jan 20.46 14.28 14.94 - 6 3 - 3.02 271 cd 3,4

Jan 21.48 14.21 - - 5 - - 3.01 298 cd 3

Jun 15.22 14.22 15.00 - 7 7 - 2.97 235 cd 5

Jun 16.26 14.24 14.86 15.07 3 3 7 2.99 263 cd 5

1973 Jan 3-52 14.26 14.92 - 4 2 - 3.02 246 ss
cd

4

Mean 14.27 14.95 15.15

m.e. of  mean .01 .02 .04

Question mark (?) indicates  data unava i lab le  a t  time o f  w r i t i n g .  

Method of measurement: ss symmetrical skies

cd concentr ic  diaphragms

S ta r :  see T a b le  XXXIX.
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Table XLI

Comparison s ta rs  f o r  Uranus s a t e l l i t e s .

S tar  V B-V U-B

38 V i r 6.125 0.48 0.03

HR 4896 6 .45 1.08 1.08

-4°3377 9.25 0 .74 0.22

-5°3636 9 .22 0.585 0.06

-6°3742 8 .37 0.96 0.59

The adopted magnitudes and colors are  

those reported In the Appendix.
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then some v a r ia t io n  of  th is  s a t e l l i t e  is ind ica ted ,  but the small 

number o f  observations precludes any f i rm  conclusions.  For Oberon 

a v a r ia t io n  of  about oTl amplitude is suggested, w i th  the t r a i l i n g  

side (c u r re n t ly  presented a t  southern e longat ion) the b r ig h t e r .  

Unfor tunate ly  the observations near northern elongat ion are  few in 

number, and one (o f  uncerta in  q u a l i t y )  is d iscrepant .  I f  th is  

l i g h t  v a r i a t io n  is confirmed Uranus'outermost s a t e l l i t e  jo in s  the 

outermost major s a t e l l i t e s  o f  J u p i te r  (Ca11 is to )  and Saturn ( lapetus)  

in being b r ig h te r  on i t s  t r a i l i n g  s ide ,  un l ike  the other  cases of  

w e l l -e s ta b l is h e d  synchronous ro ta t io n  ( l o ,  Europa, Ganymede, Dione,  

and Rhea).where the leading side is b r ig h te r .

No information on v a r i a t i o n  wi th  so lar  phase angle is provided

by the new PE m a t e r ia l ,  since a l l  observations were made w i th  

Uranus near quadrature and thus a t  maximum phase.

The B-V colors are 0 .70  fo r  T i t a n i a  and 0 .68  fo r  Oberon. The 

f i r s t  is ra ther  uncer ta in ,  wh i le  Oberon's co lor  is wel l  determined  

(mean e r r o r  of  the mean 0?01).  The U-B colors are 0.27 and 0 .2 0 ,  

ra ther  uncerta in  f o r  both s a t e l l i t e s ,  but in reasonable agreement 

with  H a r r i s '  values (0 .25  and 0 . 2 k ) .  Harr is  gives bluer B-V values  

fo r  both s a t e l l i t e s  (0 .62  and 0 .65 )  than the new photometry does,

but since he quotes no u n c e r ta in t ie s  the d i f fe re n c e  may not be

s i g n i f i c a n t .

Steavenson (196*0 discussed his visua l  intercomparisons of  

Uranus s a t e l l i t e s  during various periods since 1921, and claimed 

tha t  the magnitude d i f fe re n c e  between T i t a n ia  and Oberon was
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d e f i n i t e l y  v a r i a b le  by a few ten ths ,  even when the o rb i ts  were seen 

near ly  pole-on.  For a period in e a r ly  1950 he gives a d e ta i le d  

record of  comparisons of T i t a n i a  and Oberon w i th  each other  and 

with  f i e l d  s ta rs .  Steavenson's comparison stars  were measured 

p h o t o e le c t r ic a l l y  in V and B on 1972 Jan 18; each s ta r  was 

measured only once and the magnitudes are there fo re  not o f  the 

highest accuracy but should be adequate fo r  th is  discussion.  The 

stars  are l i s t e d  in Table X L I I ;  the new photometry is a lso  included 

in the Appendix (s ta rs  i d e n t i f i e d  by "6" in the "Remarks" column).

The observations of  T i t a n i a  and Oberon reduced with  the new compar

ison s ta r  data are l i s t e d  in Table X L I I I .  I t  is c le a r  th a t  the 

magnitudes used by Steavenson are  p a r t l y  responsible fo r  the  

apparent v a r i a t io n  of  the s a t e l l i t e s  noted by him. There is a lso  a 

strong c o r r e la t io n  between T i t a n i a ' s  and Oberon's magnitudes ( in  

other  words, t h e i r  magnitude d i f fe r e n c e  is p r a c t i c a l l y  c onstant ) ,  

suggesting that  a systematic e r r o r  a f f e c t s  both s a t e l l i t e s  e q u a l ly ,  

l i k e l y  connected wi th  the dis tance of  the comparison s ta r  from the  

planet  a t  the time of  observation.  I t  is concluded that Steavenson's  

observations in 1950 do not ind ica te  any l i g h t  v a r ia t io n s  fo r  

T i t a n i a  or Oberon. The re su l t in g  mean magnitudes, however, are  

probably f a i r l y  r e l i a b l e .

The photometry o f  T i t a n i a  and Oberon is summarized in Table XLIV.  

I f  the quoted er rors  are r e a l i s t i c  one may draw some conclusions about 

the albedo d i s t r i b u t i o n  w i th  l a t i t u d e  on the two s a t e l l i t e s ,  since  

Steavenson's and H a r r is '  observations were made when the northern



Table X L I I

Comparison s ta rs  used by Steavenson in 1950.

Star m V B-V V-mv v
(Steavenson) (Appendix)

A 14.43* 14.40 0 .68 - 0 .0 3

B 14.46 14.60 0.75 + .14

C 14.22 14.35 0.72 .13

D 14.17 14.27 0.43 .10

E 14.08 14.27 0.70 • 19

F 14.39 14.60 0.69 .21

G 14.14 14.56 0.05 .42

H 14.00 14.27 1.31 .27

J 14.41 14.52 0.42 .11

aerroneously given as 14.00 in Steavenson's s ta r  l i s t
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T a b le  X L I I I

Observations o f  T i t a n ia  and Oberon 

by Steavenson

Date

1950

V -V o Vo
T i t a n ia

Vo
Oberon

Mar 6 -0 .0 2 14.03 14.23

Mar 7 -  .02 14.08 14.23

Mar 9 -  .01 14.20 14.29

Mar 17 + .01 14.28 14.38

Mar 19 + .02 14.32 14.42

Mar 20 + .02 14.20 14.28

Mar 21 + .03 14.29 14.39

Mar 24 + . o k 14.01 14.11

Mar 25 + .04 14.01 14.16

Apr 7 + .08 - 14.30

Mean 14.16 14.28

m.e. of  mean 0.04 0.03

Range o f  so lar  phase angle: 2?88 to 3?02



193

Table XLIV 

T i t a n ia  and Oberon photometry summary.

Year o f  ________T i t a n ia  Oberon <a> <|>_ Ref.
obs. V B-V U-B n V B-V U-B n 9o o

1950 14.16 -  -  9 14.28 -  -  10 2°97 +74° 1

±04 ±03

a 14.01 0.62 0 .25  3 14.20 0 .65  0 .24  3 -  b 2

1972-73 14.01 0.71 0 .30  6 14.27 0 .68  0 .20  12 3 .02  -31 3

±06 ±08 ±12 ±01 ±02 ±05 ± 5

aduring 1950- 56; exact year unknown

b+45*«t># <+75°

n number o f  nights o f  V observation

<a> mean solar  phase angle fo r  observations

<|>0 planetographic (Uranus) l a t i t u d e  o f  sub-ear th po int

References: 1 Steavenson (1964) and t h i s  work

2 Harr is  (1961)

3 th is  work

Errors are m.e. o f  the mean .

Colors in 1972-73 c a lcu la ted  from Vq , Bq , and Uq in Tables X X X IX  
and X L .

The means of the observed colors are:

B-V U-B

T i t a n i a  0 .70  ± .04  0 .2 8  ± .03

Oberon 0 .68  .01 0 .20  .03
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hemisphere was v i s i b l e ,  wh i le  the new photometry measures mainly  

the southern hemisphere. (North and South are here ,  as always in 

th is  work,  taken in the I .A .U .  sense, so th a t  the northern hemis

phere includes the pole po int ing  North o f  the in v a r ia b le  plane of  

the so lar  system.) The two hemispheres are e q u a l ly  b r ig h t  on 

Oberon, but T i t a n i a ' s  southern hemisphere appears to  have a 

higher albedo than I t s  northern.  Because Harr is  suppl ies  no e r ro r  

est im ates ,  i t  is uncerta in  whether the d i f f e r e n c e  between his and 

Steavenson's magnitudes is s i g n i f i c a n t .  The d i f f e r e n c e  is in the 

expected sense considering tha t  the l a t t e r ' s  observations include  

the time of  quadrature so tha t  Harr is  must have observed a t  a 

smal le r  phase angle than did Steavenson.

L. T r i t o n .

The only p h o to e le c t r ic  data on T r i t o n  a v a i l a b l e  in the  

l i t e r a t u r e  is due to Harr is  (1961).  New PE observations were made 

on four  nights in 1972. The f i r s t  observation ,  on Jan 21,  was 

too poor fo r  inc lusion here; the others are given in Table XLV.

The Jun 20 observation was made at  the f / 4 5  Cassegrain focus of  

the C a ta l ina  61- inch telescope w i th  small diaphragms (4" ,  5" ,  9" 

d ia m e te r ) .  While the in te rn a l  consistency of  the in te g ra t io n s  is 

good, no other  s a t e l l i t e  was ever measured by the author as close  

to  i t s  primary as T r i t o n  was on th is  occasion (8M from Neptune),  

and the magnitude derived is ra ther  dependent on the model adopted 

fo r  the sky brightness p r o f i l e .
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Table XLV

New T r i to n  photometry.

UT date V B U es t .m .e .  a 0'o o o V B U

1972 Jun 15.22 13.49 14.23 14.54 6 6 10 0?69 76°

Jun 15.37 13-52 -  -  7 -  -  0.69  85

Jun 16.30 13.43 14.22 -  8 6 -  0.72 142

Jun 20.19® 13.28 14.07 14.27 10 12 15 0 .84  20

A l l  measurements made by the concentr ic  diaphragm method 

Mean opposi t ion distance: a = 30.06  AU, A = 29.06 AU.

O b s e rv a t io n  obtained wi th  the assistance o f  R. B. Minton.
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The T r i to n  photometry is t i e d  to the s ta r  BD-19°4326 , fo r  

which the fo l low ing  UBV data were assumed: V = 9.A1,  B-V = 1 .16,

U-B = 1 .07 .  The magnitude and colors o f  th is  s ta r  are poorly  

determined and could be wrong by as much as o1'05.

The mean Vq from the tab le  is 13.A3,  but in view o f  the  

probable ro ta t io n a l  v a r ia t io n  mentioned by Harr is  and the uncer ta in ty  

of the photometry a t  least  the second decimal place is not s i g n i f i 

cant .  H a rr is  s ta tes  tha t  the leading side may be * *  0?25 b r ig h te r  

than the t r a i l i n g  s ide.  The new photometry does not cover the  

eastern e longat ion ( t r a i l i n g  side) but i t  does suggest tha t  T r i to n  

is f a i n t e r  a t  WE ( leading s ide)  than a t  both conjunctions.  At the 

time of H a r r is '  observations the o r b i t  was seen near ly  edge-on so 

he must have measured T r i to n  close to the e longat ions .  Perhaps 

the l i g h t  curve has two minima (a t  the e lo ngat ions ) .  W i r t z '  

visual  est imates (1905) make T r i t o n  b r ig h te r  a t  EE than a t  WE. Since 

Harr is  gives no exact dates fo r  his observations i t  is a lso  con

ce ivab le  th a t  the v a r ia t io n  noted by him was due to changes o f  so lar  

phase angle;  the observable range is 0<a<2°,  and i f  an opposit ion  

e f f e c t  is present th is  could e a s i l y  account fo r  a 0™25 range of  

magni tudes.

The B-V co lor  is 0 .7 7 ,  in p e r fec t  agreement wi th  H a r r is .  My 

two U-B measurements are q u i te  uncer ta in ,  and whether the d i f fe r e n c e  

from H a r r is '  value (0.A0) is s i g n i f i c a n t  is unclear .

The e x is t in g  photometry o f  T r i to n  is summarized in Table XLVI. 

The exact dates o f  Baade's (193A) observations are not g iven ,  so the
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T a b le  XLVI

T r i t o n  photometry summary.

Year of obs. V B-V U-B n «x> dw Ref.
O w

1933 13.*1  -  3? +26° ± 2° Baade
(1934)

1950, 51,  53, 56 13.55 0 .77  0 .40  5 -  0 ± 6 Harr is
(1961)

1972 13.43 0 .77  0 .3  3 0?74 -26 ± 1 th is  work

n number o f  n ights

<a> mean so lar  phase angle fo r  observations

<p g  planetographic  (T r i to n )  l a t i t u d e  of  sub-ear th  po int
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phase angle is unknown. Baade's m were converted to  V using
P9

B = m + 0.11 (A l len  1963) and B-V = 0 .7 7 .
P9
A t t e n t io n  is c a l le d  to  the s t r i k i n g  s i m i l a r i t y  between T r i to n  

and Pluto  ( c f .  a lso  Baade). The B-V colors are  near ly  the same, 

and w h i le  T r i t o n ' s  U-B is very u ncer ta in ,  i t  does not d i f f e r  much 

from P lu t o 's .  Comparing t h e i r  absolute magnitudes (a t  a=1°)  one 

f inds th a t  the observed range fo r  Plu to  is about - 0 . 7  to  - 1 . 2  (see 

ch. V I ) ,  w h i le  fo r  T r i t o n  the range ( p a r t l y  due to observationa l  

u n c e r t a in t ie s )  is - 1 . 0  to - 1 . 4 .  I t  w i l l  be in te r e s t in g  to see 

whether,  fo r  instance ,  p o la r im e t r ic  data fo r  T r i to n  w i l l  suggest 

a comparable albedo f o r  both.
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V I I I .  SUMMARY AND CONCLUSIONS

The p r in c ip a l  photometric data fo r  the objects studied in 

th is  thesis  are l i s t e d  in Table XLVI I .  Note th a t  the data apply  

to  the period 1970-72 on ly ;  f o r  objects  o f  large o b l i q u i t y  the 

propert ies  may be s i g n i f i c a n t l y  d i f f e r e n t  a t  other  times when the  

angle between the axis  o f  ro ta t io n  and the l i n e  o f  s ight  is d i f f e r e n t  

(as in the case f o r  P lu t o ) .  For e r ro r  est imates and other  comments 

on ind iv idua l  o b je c ts ,  see the appropr ia te  sections of  ch. V I  and V I I .

The B-V and U-B colors  are p lo t ted  in F ig .  3** fo r  p r a c t i c a l l y  

a l l  so lar  system bodies fo r  which such data are a v a i l a b le  and which 

are known or presumed to  lack photometr ica l ly  s i g n i f i c a n t  atmospheres.  

Two s a t e l l i t e s  ( l o  and T i ta n )  are very red and f a l l  f a r  outs ide the 

diagram; they are not f u r t h e r  considered in th is  paragraph. The 

s a t e l l i t e s  occupy roughly the same region as the as te ro id s ;  in 

p a r t i c u l a r ,  the s a t e l l i t e s  o f  Saturn and Uranus are s im i la r  in 

co lor  to the group of  about a dozen measured astero ids  ( e . g . ,

2 P a l las )  w i th  B-V < 0 .80  and U-B < 0 .3 5 .  The Moon and, to  a lesser  

e x te n t ,  th ree of  the G a l i lea n  s a t e l l i t e s ,  are s im i l a r  to the main 

grouping of astero ids  centered near B-V = 0 .85  and U-B = 0.*»5.

F i n a l l y ,  J u p i te r  V I  has colors not u n l ik e  those of  the small group 

at  B-V = 0 .70  and U-B = 0.*f0,  which includes 1 Ceres. Z e l ln e r  e t  a l .  

(197*0 suggest tha t  the f i r s t  group of  astero ids  has the composition
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Table XLVII

S a te l l i t e s  and Pluto: photometry summary.

Object V(1 ,o ) dV/da
(mag/deg)

AV B-V dB/da
(mag/deg)

A(B-V) U-B a

Jup iter VI 8.12 0 .05 - 0.68 - - 0.46 2°5
Enceladus 2 .0 - - .70 - - .28 2 .0

Tethys 0.62 .03 - • 73 0.03 - .30 4 .0

D ione 0 .89 .05 - 0 . 4 0 .71 .04 - 0 . 0 6 .31 4 .0

Rhea 0.16 .02: -  .15 .78 .02: -  .05: .38 4.0

Ti tan -1 .2 6 5

^roo

.00 1.28 .006 .00 .75 4.0

Hyperion 4.68 .02 .1 0 .78 .03 - .33 4.0

lapetus 1 . 66a b + 1.85 .72 b + .06 .30 4 .0

Phoebe 6.82 . 10: 0 .2 .66 - - .33 2 .0

Ti tania 1.3 - - .70 - - .28 3 .0

Oberon 1.55 - + .1 .68 - - .20 3 .0

Tri ton - 1 . 3 - - .77 - - .3 0 .7

Pluto - 0 .7 9 o o .22 .81 - - .31 1.6

amean of minimum and maximum magnitudes

^dV/da and dB/da vary w i th  r o ta t io n a l  phase from about 0T02 to  0?106/deg 

Cat a = 1 ?2

AV and A(B-V) are amplitudes of ro ta tiona l va r ia t io n s . The last  

column gives the phase angle a at which the other quantit ies  are 

evaluated; i t  is usually near the mean a fo r  the observations.

In the AV column, a plus sign indicates that the s a t e l l i t e  is brightest  

at WE, a minus sign that i t  is brightest at EE. In the A(B-V) column, 

the signs indicate where the s a t e l l i t e  is bluest (+ WE, -  EE).
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of carbonaceous chondr i tes ,  and tha t  the second group consists  of  

s i l i c a t e  bodies.  I f  so, the s i m i l a r i t y  in co lor  between the 

Saturn s a t e l l i t e s  and the f i r s t  group is c o in c id e n ta l ,  since Rhea, 

Dione, Tethys,  and Enceladus are  known to have high albedos 

(pv £ 0 . 5 ;  Morrison and Cruikshank 197*0. A c h o n d r i t ic  surface  

would be expected to have a low albedo, and Pyg;0 .0 8  has been 

measured fo r  Pa l las  (Z e l ln e r  e t  a l .  197**). Note tha t  lapetus,  with  

colors s im i la r  to  those o f  the inner Saturn s a t e l l i t e s ,  has a very 

low albedo (pySJO.O*0 on i t s  leading side (Murphy e t  a l .  1972).

From the data a v a i l a b l e  i t  appears tha t  lapetus,  Hyperion,  and 

Rhea e x h i b i t  an opposit ion  e f f e c t :  the magnitude a t  a<1° is at

least  cTo5 b r ig h te r  than suggested by a l in e a r  e x t ra p o la t io n  from 

the in te rv a l  2°<a<6° .  I t  must be stressed tha t  because only phase 

angles <  6° are access ib le  fo r  the s a t e l l i t e s  of  Saturn,  there is 

no assurance th a t  the l in e a r  par t  o f  the phase function has been 

reached even a t  a=6° .  For th is  reason the phase c o e f f i c i e n t s  in 

Table XLVII  are labeled dV/da and dB/da ra ther than By and Bg. 

Confirmation o f  a s t rongly  curved shape of the phase function at  

a<6° fo r  a high-albedo ob ject  (Rhea, Dione,  or Tethys) would be of  

great  i n t e r e s t ,  since most th e o re t ic a l  phase functions w i th  an 

opposit ion  e f f e c t  neglect m u l t ip le  sca t te r in g  in the surface laye r ,  

and thus i m p l i c i t l y  assume a low albedo. The impl ica t ions  fo r  models 

of  the rings o f  Saturn are discussed by Frankl in  and Cook (197*0 •

The synchronous ro ta t io n s  o f  lapetus,  Rhea, and Dione are v e r i 

f i e d .  The case o f  Hyperion remains undecided, but the data are
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Figure 3*1. UBV colors o f  s a t e l l i t e s ,  as te ro id s ,  P lu to ,  and Mercury,  
reduced to a=5°.  Sources: Gal i lean  s a t e l l i t e s ,  Harr is  1961; Deimos,
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Sol id  bars through symbols ind ica te  actual  range o f  v a r i a t i o n ;  dashed 
bars are e r r o r  bars.
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consistent w i th  synchronous ro ta t io n .  I t  is wel l -known th a t  the  

outermost major s a t e l l i t e s  o f  J u p i te r  and Saturn are b r ig h te s t  on 

t h e i r  t r a i l i n g  s ide ,  w h i le  the inner s a t e l l i t e s  are  b r ig h te s t  on 

the leading s ide .  This may apply to Uranus too,  since Oberon has 

been found to  be in synchronous ro ta t io n  w i th  maximum brightness on 

the t r a i l i n g  s id e ,  as reported in th is  work. U n fo r tu n a te ly ,  the  

data presented in th is  thes is  do not confirm or  deny the possible  

nonsynchronous ro ta t io n  of  Tethys or the l i g h t  curve maximum at  

0 ‘ = 90° fo r  Enceladus, as reported by Franz and Mi 11 is (1973).  

According to my da ta ,  Rhea and Dione are b luest a t  l i g h t  maximum; 

tha t  th is  is the case fo r  lapetus is wel l  known, and i t  genera l ly  

holds true  a lso fo r  the G a l i lean  s a t e l l i t e s  (Harr is  1961, Morrison  

et  a l .  197**b). Any theory attempting to  exp la in  the abovementioned 

r e g u l a r i t i e s  in the phase of  maximum l i g h t  must a lso consider the 

s im i la r  r e g u l a r i t i e s  in the co lor  v a r i a t i o n .  Mendis and Axford (197*0 

suggest some possible mechanisms fo r  the l i g h t  curve r e g u l a r i t i e s ,  

involv ing the magnetospheres of  the respective  p lanets .

F i n a l l y ,  the slow l i g h t  v a r ia t io n s  of  T i t a n ,  which are  described  

in d e t a i l  fo r  the f i r s t  t ime here,  add another fac e t  to  th is  complex 

body, whose dense atmosphere (Hunten 197*0 makes i t  one of  the most 

in te re s t in g  objects  in the outer  so lar  system.
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APPENDIX:

PHOTOMETRY OF ZODIACAL STARS

The fo l low ing  l i s t  contains photometric re s u l ts  fo r  131 stars  

observed in the course of  the work on th is  t h e s is .  I t  includes  

stars  adopted as standards fo r  the photometry o f  P luto and s a t e l l i t e s ;  

sta rs  used as comparison stars  by e a r l i e r  observers;  and a few 

miscel laneous o b je c ts .  With about ten except ions ,  the s ta rs  l i e  

w i th in  a few degrees of  the e c l i p t i c .  The photometric system used 

and the method of  reduction are  discussed in ch. V. Further comments 

on ind iv idua l  s ta rs  can be found in the appropr ia te  sections of  

chapters V I  and V I I .

Column 1 gives a name or designation fo r  the s ta r  (other  than 

HR, BD, and HD numbers). For f a i n t  s ta rs  the key to the designation  

is genera l ly  found in the reference given in the remarks. The stars  

are l i s t e d  in order o f  increasing R.A.

Col.  2 gives the HR number, i f  a v a i l a b l e ,  otherwise the BD number.

Col.  3 gives the HD number of  the s t a r .

Col.  k,  5 ,  and 6 give  the V magnitude and the B-V and U-B co lo rs ,  

re s p e c t iv e ly ,  as determined in t h is  in v e s t ig a t io n .  Reference to  

published values is given in the remarks. While a U-B color  has been 

measured fo r  most s ta rs  l i s t e d ,  i t  is not given fo r  many sta rs  fo r  

which the U-B value  obtained was of low accuracy and not needed in 

th is  work.



204

Col.  7 gives estimated externa l  mean errors  o f  the l i s t e d  V,

B-V, and U-B, in un i ts  of  0.01 mag. The e r ro r  est imates take in to  

account the agreement between d i f f e r e n t  nights and the formal m.e.  

of  the photometric so lut ion fo r  the ind iv idua l  n ights .  For the  

f a i n t e s t  s ta rs  observed once only ,  the estimates are based on the  

s c a t t e r  o f  the ind iv idua l  d e f le c t io n s  ( f o r  s tars  measured by pulse 

counting,  the usual V T  est imate has been employed). For b r ig h te r  

stars  observed on one n ig h t ,  the e r ro r  est imate  is the formal m.e. 

of  the n ig h t 's  photometric s o lu t ion .

Col.  8 gives the number o f  nights on which V and B-V were 

determined. U-B was in many cases not determined on a l l  of  these  

nights .

Col.  9 contains remarks, i d e n t i f i e d  below. In most cases

reference is given to e i t h e r  the work where the s ta r  was used as

a comparison s ta r  or e lse  to other  photometry. The name of a planet

in th is  column indicates a standard s ta r  adopted in th is  thesis  fo r

photometry o f  the planet indicated or i t s  s a t e l l i t e s .

Remarks: P The s ta r  is l i s t e d  in the "P h o to e lec t r ic  Catalogue"

(Blanco e t  a l . 1968)

1 Blanco and Catalano (1971).  Revised values from the

same authors (p r iv a t e  communication 1974) are:

V B-V U-B

+3°180 9-71 0 .66  0.23

+4 213 9.18 0.52 0.03  

+9 304 9 .78  0 .88  0.55  

+9 305 8 .2 0  1.16 1.17 

The agreement of  the revised values wi th  my data is good.
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3

4

5

6

7

8

9

10

11

12

13

14

15

16
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Payne (1971 a ,b )

=LP 414-120.  Luyten (1971).  The s ta r  is apparent ly  

a whi te  dwarf member o f  the Hyades.

a = 4h11m25s , 6 = + 1 8 ° 5 5 '4 (1950 .0)

V is 0 .04  mag b r ig h te r  than published value .  Range 

o f  my observations 7 .39  to  7 .4 7 .

Steavenson (1964).  The s in g le  standard s ta r  used when 

measuring these sta rs  is M35“ 2 (Hoag e t  a l .  1961)

G ra f f  (1930).  The my given by G ra f f  fo r  sta rs  a,  b, 

and c,  re s p e c t iv e ly ,  are  13 .49,  13*83, and 14.26.  

Walker and Hardie (1955)

Widorn (1950)

R. Hardie,  p r i v a te  communication, 1973.

G ra f f  (1939).  In c o l .  1 the sta rs  are numbered in 

order o f  l i s t i n g  in G r a f f ' s  ta b le  I .

Jerzyk iewicz  and Serkowski (1967)

Wendell (1913)

CD numbers given instead of BD numbers 

Poor agreement in V. Possible v a r i a b le .

Haggkvist and Oja (1973)



1 2 3 4 5

HR/BD HD V B-V

- +40° 167 4685 7.05 1.02

- + 4 213 7436 9.15 0.53
- + 3 180 - 9.73 0.67
- + 7 258 - 9.36 0.82
- + 9 304 - 9.79 0.88

- + 9° 305 14513 8.22 1.16
- +13 494 18972 7.835 1.05
- 1036 21335 6.54 0.165
- 1110 22695 6.15 0.965

LB 228 - - 16.32 0.02

- - - 11.655 0.855

vB 23 +17° 703 27149 7.515 0.685

vB 31 +18 623 27406 7.43 0.56

- +20 863 32127 7.97 0 .74

104 Tau 1656 32923 4.92 0.66

A - - 14.40 0.68

B - - 14.60 0.75

C - - 14.35 0.72

D - - 14.27 0.43

E - - 14.27 0.70

6 7 8 9

U-B m.e. n Remarks

0 .84 2 2 3 1

-0.01 2 2 2 2 1

0.19 2 2 2 2 1

- 2 2 - 2 2

0.54 3 2 2 2 1

1.17 3 2 2 2 1

0.79 1 1 1 4 Saturn

0.07 2 1 2 6 P,Saturn

0.74 2 1 1 6 P,Saturn

-0 .7 6 4 4 5 2 3

0.50 1 1 2 7 4 , Saturn

0.225 1 1 1 11 P,Saturn

0.065 2 1 1 8 P , 5,  Saturn

0.25 2 1 2 3 Saturn

0.14 2 2 2 2 P

- 4 5 - 1 6

- 4 5 - 1 6

- 4 5 - 1 6

- 4 5 - 1 6

- 4 5 - 1 6



1 2 3 4 5

HR/BD HD V B-V

F - - 14.60 0.69

G - - 14.56 0.05

H - - 14.27 1.31

J - - 14; 52 0.42

a - - 13.75 0.42

b - - 13.85 0.42

c - - 14.22 0.52

A - - 13.15 0.80

B - - 12.11 0.58

C - - 12.79 0.65

D - - 12.43 0.94
- +13°2231 - 10.76 0.66
- +13 2235 - 10.51 0.51
- +12 2195 - 9.60 1.04
- +13 2255 - 10.01 0.52

- +12°2212 - 10.33 0.97
- +12 2215 90700 7.80 0.96
- +11 2238 - 9.60 0.52
- +11 2239 91150 8.28 0.16
- +20 2578 - 10.60 1.12

6 7 8 9

U-B m.e. n Remarks

- 4 5 - 1 6

- 4 5 - 1 6
- 4 5 - 1 6

- 4 5 - 1 6

- 5 2 - 3 7

- 4 2 - 3 7
- 6 6 - 1 7
- 4 3 - 2 8
- 3 2 - 2 8

- 3 3 - 2 8

- 3 2 - 2 8

0.14 2 2 3 2 9

0.12 2 2 5 2 9

1.0: 2 2 - 2 9

0.02 2 2 3 2 9

0.75 2 3 5 2 9

0.70 2 2 3 2 9

0.10 2 2 4 2 9

0.10 3 2 3 2 9
- 4 1 - 2 10



1 2 3 4 5

HR/BD HD V B-V

+20°2580 - 9.71 0 .34

10 V l r 4626 105639 5.96 1.12

Grf 21 - - 12.10 0.38
I I 22 - - 12.76 0.57
I I 13 + 2 2520 - 10.94 0.29

I I 10 + 1°2669 - 10.02 0.64
I I 9 + 1 2675 - 10.12 0.56
11 12 + 1 2677 - 10.25 0.35
I I 18 - - 11.45 0.35
I I 11 + 1 2683 - 10.18 1.16

Grf 8 + 1°2684 - 9.94 1.46

+16 2362 107415 6.49 1.02

+16 2363 - 10.32 0.61

+16 2364 107496 9.41 0.55

Grf 16 - - 11.38 0.61

I I 14 - 11.05 0.82
I I 4 + 1°2689 107842 8.68 0.50
I I 7 + 1 2690 - 9.72 0.60
I I 6 + 1 2691 107954 9.49 0.49
I I 15 - - 11.26 0.56

6 7 8 9

U-B m • 6 • Remarks

- 4 1 - 2
- 2 2 - 1
- 2 2 - 1
- 2 2 - 1
- 2 3 - 2

- 3 6 - 2
- 2 2 - 1
- 2 2 - 1
- 2 2 - 1

- 2 2 - 1

- 2 2 - 2

0.82 2 2 3 1

0.06 2 2 3 1

0 .14 2 2 3 1
- 2 2 - 1

- 2 2 - 1

- 5 2 - 2

- 2 2 - 1

- 5 3 - 2
- 2 2 - 1

10

P,

NJ
O
00

P, 16 ,Pluto
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HR/BD HD V B-V

Grf 20 - - 11.93 0 .4 :

" 3 + 1°2696 108263 8.31 1.06

" 5 + 0 2945 108360 8.92 0.85

" 19 - - 11.48 0.89

" 24 - - 12.91 0.51

" 23 - - 12.33 0.55
- +14°2523 109942 7.22 1.18

" 2 -  o 2595 109969 7.22 0 .02
- +14 2428 109997 9.23 0.25

38 V i r 4891 111998 6.125 0.48

- 4896 112048 6.45 1.08
- -  2°3597 112283 7.66 0.47
- -  4 3377 112302 9.25 0 .74
- -  5 3636 114046 9.22 0.585
- -  6 3742 114095 8.37 0.96

- +47°2066 117815 7.07 0.21

- -11 3671 123523 6.86 0 .10
- 5360 125349 6.23 0.03

y Lib 5523 130559 5.32 0.08

- -12 4141 130708 8.00 0.41

6 7 8 9

U-B m.,e. n Remarks

- 3 - - 2 11

- 2 2 - 1 11
- 4 2 - 2 11

- 2 3 - 6 11
- 2 2 - 1 11

- 2 2 - 1 11

1.27 2 1 3 3 P l u t o , 16

- 2 2 - 1 11

0.13 2 1 3 3 P l u t o , 16

0.03 1 1 1 5 P , 12 ,Uranus

1.02 2 1 2 5 P, 12,Uranus

- 0.07 2 2 3 1

0.22 2 2 3 5 Uranus

0.06 2 1 3 4 Uranus

0.59 3 1 3 4 P,Uranus

0.07 2 2 2 2

0.02 2 2 4 1

0 .04 2 2 2 1

-0.01 2 2 3 5 P, 13
- 2 2 - 4 13
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HR/BD HD V B-V

-13°3994 130953 7.69 1.40

-13 4003 131221 9.37 0 .64

-13 4022 131898 8.82 0.33

-14  4085 132568 9.05 0.35

-14 4095 133034 8.87 1.18

-1 4 °41 18 - 9.82 0.93

-16 4116 138887 8.86 0.93
-16 4120 139061 7.77 0.46

-16  4122 139157 9.48 0.48

-17 4388 139409 7.15 1.05

-16°4129 139485 9.55 0.78

-17 4395 139709 9.50 1.00

-16 4138 139819 9.68 0.38

-16 4144 140053 9.27 1.09

-17  4413 140559 9.68 0.99

-19°4326 - 9.41 1.16

-19 4327 145275 9.13 0.60

-19 4362 147195 8.73 0.72

6104 147700 4.50 1.03

-19 4368 147931 9.02 0 .54

6 7 8 9

U-B m.e. n Remarks

3 2 -  3 13

2 3 -  4 13

2 2 -  3 13

4 4 -  3 13

2 3 -  3 13

2 2 -  3 13

4 2 -  2 13

2 3 -  2 13

2 5 -  2 13

3 5 -  2 13

3 3 -  2 13

4 6 -  3 13

3 3 -  2 13

4 3 -  2 13

2 3 -  2 13

1.07 3 4 5 3 Neptune

0 .04  3 2 3 4

2 2 -  2 13

0.82 2 2 2 1 P

2 2 -  2 13

210



1 2 3 4 5 6 7 8 9

HR/BD HD V B-V U-B m • 6 • n Remark:

- -19°A37i* - 10.92 1.82 - 2 8 - 3 13
- -19  ^375 148970 9.66 0.85 - 3 5 - 3 13
- -19 4381 149330 8.88 1.66 - 2 3 - 1 13
- -19 4399 - 10.75 1.45 - 2 2 - 2 13
- -21 4539 155251 8.91 1.19 - 2 2 - 2 13

- -21°4540 155269 9.04 0.52 - 3 3 - 2 13
- -21 4554 155866 8.99 1.3: - 6 -  - 2 13,15
- -21 4557 155993 9.70 0.88 - 3 5 - 2
- -21 4564 - 9 .86 1.54 - 4 4 - 3 13

5 Oph 6445 156897 4.37 0.41 -0 .0 2 2 2 2 1 P

- -21°4594 157351 8 .2 : 0.52 - -  2 - 3 13,15

- -21 4605 - 9.88 2.08 - 4 6 - 3 13

- -21 4641 159012 9.62 0.43 - 3 3 - 2 13

- -21 4648 159211 9 .84 0.68 - 4 3 - 2 13

- -22 4479 163919 8.96 1.42 - 2 2 - 1

- -22°4480 163936 9.07 1.21 - 2 2 - 2 13

4 Sgr 6700 163955 4.75 -0 .0 2 - 0 .0 6 2 2 2 1 P

- -22 4511 164534 9.22 0.17 - 2 5 - 2 13

- -22 4555 165223 9.02 0.04 - 2 3 - 2 13

- -22 4581 165812 7.96 0.03 - 2 2 - 1 13



2 3 4 5

HR/BD HD V B-V

-22°4597 166263 7.75 1.26

-22  4613 166742 9.00 0.10

-22 4619 166852 8 .50 0.30

6816 167036 5.49 1.53

-22 4648 167663 8.14 1.63

-22°4655 167842 7.71 1.10

-22 4702 168900 9.32 0.09

-23 14320 169039 9.33 1.28

-22 4722 169635 9.16 1.84

-23 14580 172052 6.73 0 .64

7116 174974 4.85 1.41

7 8 9

m.e. n Remarks

2 2 - 2 13

3 5 - 2 13

3 2 - 2 13

2 2 - 1 P

2 2 - 1 13

2 2 - 1 13

2 3 - 1 13

2 2 3 2 l 4 , J u p i t e r

2 2 - 2 13

3 2 - 2 l4 ,Jup i  t e r

2 2 - 1 P
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LIST OF SYMBOLS AND ABBREVIATIONS

This l i s t  is not complete.  Many symbols, used only  once or

twice and e x p l i c i t l y  i d e n t i f i e d  in context ,  have been omitted.

Page numbers r e fe r  to  d e f i n i t i o n  or f i r s t  mention.

A Angstrom u n i t  (10"8 cm)

a semimajor axis

AE "American Ephemeris and Naut ical  Almanac", annual

p u b l ica t io n  by the U.S.  Government P r in t in g  O f f i c e ;  

id e n t ica l  in contents to the B r i t i s h  "Astronomical  

Ephemeri s"

AU Astronomical Uni t  (1 .495x108 km)

B s a t u r n ic e n t r i c  l a t i t u d e  of  Earth re fe rred  to  the plane of

the r ings; s i m i l a r l y ,  B': l a t i t u d e  of  Sun

B blue magnitude on the UBV system; Bq : reduced to mean

opposi t ion dis tance (p. 7)

B^V color  on the UBV system

BD Bonner Durchmusterung s ta r  cata log

cd concentr ic  diaphragms method (p.  64)

CD Cordoba Durchmusterung s ta r  cata log

deg degree (o f  angle)

EE eastern elongat ion

es t .m .e .  est imated mean e r r o r  (p. 93)

F(a)  phase function (p.  7)

HD Henry Draper s ta r  catalog

HR Harvard Revised Photometry s ta r  catalog

J V I  J u p i te r  V I ;  s i m i l a r l y  J V I I  e tc .

Kq c o e f f i c i e n t  in Four ier  expansion o f  l i g h t  curve (ch. V: D ) ;

s i m i l a r l y ,  K1 and K2
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p o te n t ia l  Love number o f  order 2 (p.  26)

KPNO K i t t  Peak National  Observatory

L mean o r b i t a l  longitude (p.  19)

LPL Lunar and P lanetary  Laboratory,  U n iv e rs i ty  o f  Arizona

m magnitude ( in  g e n e ra l ) ;  f o r  mQ, m (1 ,a ) ,  see p. 7

iripg photographic magnitude

mv v isual  magnitude

mag. magnitude

McD McDonald Observatory, U n iv e r s i t i e s  o f  Texas and Chicago

m.e. mean e r ro r

ms m u l t ip le  skies method (p.  93)

p geometric albedo (p. 11)

PE p h o to e le c t r ic

Q, rec iprocal  o f  s p e c i f i c  d is s ip a t io n  f a c to r  (p.  28)

r  d is tance  from Sun; in ch. V:C, dis tance from c en t ra l  image

SA Selected Area

SC super ior  conjunction

s .e .  standard e r ro r

ss symmetrical skies method (p. 64)

U geocentr ic  longitude of  Saturn,  re fe r re d  to  the plane of

the r ings (p. 19)

U u l t r a v i o l e t  magnitude on the UBV system; Uq : reduced to

mean opposit ion distance  (p. 7)

U- B̂ co lor  on the UBV system

UBV the photometric system o f  Johnson and Morgan (1953)

V yel  low (visual) magni tude on the UBV system; fo r  Vq , Vq ,

V ( 1 , a ) , see p. 7

vB van Bueren's numbering o f  stars  in the Hyades, employed

by Johnson and Knuckles (1955)

WE western e longat ion

a s o la r  phase angle (p.  6)

6 phase c o e f f i c i e n t  (p.  9 ) ;  in ch. V:D, l a t i t u d e

0 o r b i t a l  phase (p.  14);  in ch. V:D, angle between spin

axis  and 1ine of  s ight
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0'  ro ta t io n a l  phase (p.  17)

X wavelength

X c e l e s t i a l  longi tude (usual ly  h e l io c e n t r i c )

p micron (10_lt cm)

U r i g i d i t y  ( r a t i o  o f  shear s tress  to shear s t r a in )

a standard d ev ia t io n

<f> scale  f a c t o r  fo r  opposit ion  e f f e c t  (p. 11)

4> planetographic l a t i t u d e  of  subsolar (subscr ipt  ) or

sub-earth  (subscr ip t  ^) po int  (p.  20)

< > average value o f  q u a n t i ty  enclosed in brackets

: ( fo l low ing  numerical value in ta b le )  data o f  g reater  than

average u n c e r ta in ty ;  symbol doubled fo r  extreme cases

Star  designations o f  the type +17°703 are BD numbers unless 

otherwise ind ica ted .

The I .A .U. -approved t h r e e - l e t t e r  abbrev ia t ions  f o r  the names 

of  the c o n s te l la t io n s  are used.
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