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ABSTRACT 

Since 1895 t h e  mass of E-lercury h a s  been g e n e r a l l y  accep ted  as 

6000000-~.  The mean d e n s i t y  impl ied  i s  ex t remely  h i g h ,  b u t  i t  wou3.d b e  

c o n s i s t e n t  w i t h  t h e  o t h e r  t e r r e s t r i a l  p l a n e t s  f o r  mass n e a r  9000000-~.  

Attunnts t o  r e f i n e  t h e  mass v a l u e  i n v o l v e  n o n l i n e a r  ( d i f S e r e n t l a 1 )  equa- 

t i o n s  i n  many v a r i a b l e s ,  and f o r  proceeding t o  l e a s t - s q u a r e s  t h e r e  must 

be  i n t r o d u c e d  s t a r t l n g - v a l u e s  a l r e a d y  n e a r  t h e  t r u e  v a l u e s  f o r  t h e  

r e s u l t s  t o  b e  r e l i a b l e .  If a  p a r t i c u l a r  v a l u e  is  wide ly  wrong, o n l y  a 

s m a l l  fo rmal  c o r r e c t i o n  t o  i t  w i l l  emerge. 

The mnsscs o f  Ffercury and Venus were v e r y  u n c e r t a i n  b e f o r e  New- 

comb p r e s e n t e d  h i s  e x t e n s i v e  s t u d y .  For Venus t h i s  Gave 408000-~.  For 

l lercury he  omi t t ed  t o  complete t h e  c a l c u l a t i o n ,  which would have g iven  

11405291-l. But l a t e r  on ,  w i t h o u t  cxp lana  t i o n ,  Newcomb "took" 6000000-~,  

thereby ra . jec t ing t h e  v a l u e  r e s t ~ l t i n g  fro111 h i s  i n v e s t i g a t i o n .  T h i s  

b a s e l e s s  f i g u r e  6000000-~ somehow became g e n e r a l l y  accep ted  and adopted 

i n  subsequent  a t t e m p t s  co improve t h e  mass. That  on ly  s m a l l  changes 

hnvc emerged is  l i k e l y  t o  b e  no more than  a  consequence of r e l y i n g  on 

a  l e a s t - s q u a r e s  p r o c e s s .  

Reduction of t h e  Mercury mass t o  9 0 0 0 0 0 0 ~ ~  would a l t e r  t h e o r e t i c a l .  

a n g u l a r  p o s i t i o n s  of Venus by l e s s  than i n h e r e n t  o b s e r v a t i o n a l  e r r o r s ,  

b u t  the  t h e o r e t i c a l  d i s t a n c e s  would be changed by amounts probably  capa- 

b l e  of d e t e : t i o n  by r a d a r  means. 
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In ord1.r t r i  c*o~tst  rtlc41 r ~ l l i a l r l r l  'l',ll~li*s f ajr t 11~1 p t t s i  :ions of riie 

plnrrcts  a t  ;111y t imp, t l r t  ~ ; r l l ~ t ' ~  ~ j f  trtlt*J.r m ; t s s t ~ s  nt*cjti 1 s t  be known w i t h  

a l l  p r ~ s s l h l c  iir ' t811riIi*~ i n  t ~ m n s  u t son(& tirsit o f  m;tst:,  i t l l so lute  val r les  

( In  griims rtrr clxampl~b) arc* not: c w s ~ * n r i n l ,  imd tht* s t ; \nr lc~rd generally 

made ~ I S C  of is thc. r a t  i i r  ~ ) f  thtl mass of t l t r ~  Sutl L L I  tliilt of t h e  p l a n e t ,  

u s u n l l y  r e f c r r c t i  to  3s tllc r~lc*iproc;t l  m ; t s s .  I l i ~ r t k i t ~  wcl s h a l l  bc con- 

ccrnc>d a lmost  i%tl t i rc*ly  w i t h  thr* f r w r  i111ii*r ~ i l i ~ t l t l t s  ;inti I he Moon, rhougb 

i n  thcs citrl iris t t)iirt o f  ~111.1 1i is t t ) ry  t . 1 ~  miissI1s of . l ~ i p  i t t a r  and S a t u r n  

c*ntr:r, a s  w i l l  1:rtcr bc* srltln+ 

I:or :;t*vilr;il ~ I J C ~ ~ I ~ L ' S ,  t I l t ~  V ; I ~ I I C ~ S  j:c11t~~al 1 y OI:I-L~LJLI 11130n f o r  t h e  

plnticbrnry mnsscs and ior t t r , ~  Ilarttl-:icx~n mils5 r i~t  i o  11ilv<* beet? t h i ) ~ ~  

~ ; i v t * n  i n  t l tc* Ilxplatratrrrv Sultpl i\mt~ut t o  L l l i a  XCrut i cn l  illmnnac ( I icfercnce  

1-1) f i r s t  p ~ h l  i s l i~*d  in  1901 , nntl rrbpr iatc~tf unillt;ingt~rl i n  thc! t h i r d  

in1pri~ssirni dnt cad 1974. '1 '11~~ vill uths givrbn t11;lt iirtJ rc.1 tlviiat t o  t h e  pre- 

stant ~ l i sc*uss i t )n  :Irk1 t;'h(~stl i n  ' I ' : I ~ ) ~ L ~  1-1. TIit* v ; i l u i ~ s  for $lercury and 

Vcxnus, whit-h n r c  of  p r  imt.  i n t  t*r(lst  i t r  t h i s  l ~ i s t t j r y ,  r i m i i n  p r e c i s e l y  

tl~osc takc~n o r  i g in3 1 1 y 1 r y  iL*c*wchk~ab in 189 5 , 

'I 1 e 1 1 .  1061 Val tl tas for I ' lanotarv  Zlns::~.:: 

1'; antst Vnluc 1) 1 ar~t.*t Value 

Mcrcury 6 000 b00 Ear t.11 '333 432 

ST~~tlus l1O8 000 Elit r s 3 093 500 

ICar L !~+>~L)C)I I  325 390 .Jup i t  cr 1 047.355 

Ear th-Moon r,?t i o 81,. 45 Sa tu rn  3 501.6 



A t  the  Twalfth General Assembly of the T.A,U,, Hamburg 1964, 

(Reference 1-2), proct . lcal ly  tho whole of the  mass values of Table 3-1 

were again endorsed as represent ing  the  Z.A.U.  Syrrtem oE Astronomical 

C o n ~ t n n t s ,  except t h a t  the r e c i p r o c a l  mass of the Earth was cllanged t o  

332958, and t h a t  of the Earth+kloon, as a derived secondary conecant,  

was changed t o  328912 (p. 595, item 191, though i n  the  System of Plane- 

t a ry  Nassrs given lower down on the  same page, the va lue  f o r  Enrth-tMoon 

Is l e f t  unchanged (from the 1961 va lue)  a t  329390. On thcse rev ised  

va lues ,  t he  implied Earth-Moon mass r a t i o  i s  81.2935. 

The advent of space missions held promise of oppor tun i t i e s  Far 

refinement: of these mass va lues ,  and st the Sixteenth General Assembly 

of the I . A . U . ,  Grenoble 1976 (Reference 1-3), the rev ised  values given 

i n  Table 1-7, were endorsed a s  thencefortl i  represent ing  the I . A . U .  Sys- 

tem of Planetary idasses ( the  f i g u r e s  i n  parentheses arc the  proportion- 

a t e  changes).  

Table 1-2. 1 ,A .U .  System of Planetary Masses: 1976 

- - - -  

Factor  of Factor  of 
P lane t  Value Change Planet  Value Change 

Plercury 6 023 600 (1.0039) Garth 332 946 (0.9985) 

Venus 408 523.5 (1,0013) Mars 3 098 710 (1.0017) 

Ear th+b,Soc\n 328 900.5 (0.9985) J u p i t e r  1 067.355 (1.0) 

Earth-Moon r a t i o  81.30 (0.9982) Saturn 3 498.5 (0.9991) 

I t  i s  seen t h a t  where t h e  t e r r e s t r i a l  p l ane t s  and t h e  Moon a r e  

concerned, i n  t h i s  i n t e r v a l  of j u s t  over a decade, a d j u s t m ~ n t s  have been 

made of between 0 .1  and 0 .2  percent ,  except f o r  Mercury f o r  which the  

change introduced is  by near ly  0.4 percent  . 



The mass valuas af  Table 1-2 have baan made usa o f ,  a s  q~ontZCiek3 

requiring no further adjustnenc, by Anderson o t  a l ,  1976 (Ref, 1-41 

i n  making a determination of cer ta in  rcLotZvity paramatars, cha solar 

quodrupole moment, and other extremely small quantities associated wieh 

tho solar system, 



S E C T I O N  11: 

THE ANOMALOUS MEAN D E N S I T Y  OP MERCURY COLrlPARDD WXT1.I THZ 
OTIIER I N N E R  PW\NFIS AND THE E!QON 

The man11 d e n s i t y  of I lercury impl ied by t lrcse masses is Sound t o  

be h i g h l y  a~lomalous compared t o  t h e  o t h e r  members o f  tile t e r r e s t r i a l .  

group and t h e  Moon, To demonstra te  t h e  cxt;ont of t h i s ,  T a b l e  2-1 shows 

t h e  p r e s e n t  valuers f o r  ello masses and mean d e n s i t i e s  o f  the several 
bod ies ,  where t h e  mass of t1.1~2 Moon is adopted a s  t h e  u n i t ,  and t h e  cur-  

8 
r e n t l y  accep ted  r a d i u s  f o r  Mercury of 2.44 x 1 0  cm is  adopted.  

T a b l e  2-1. Masses and D e n s i t i e s  a£ t h e  I n n e r  P l a n e t s  

Elean Dens i ty  , 
P l a n e t  Mass log,mnss p, c r n ~ ~  

Moon 1.00 0 .0  

Mercury 4.49 1,502 

Venus 66.24 4.133 

Ear th  81.30 4.3911 

Mars 8.73 2.167 

The advan tage  o f  us ing  t h e  l o g a r i t h m  of t h e  mass i s  t h a t  i t  l e a d s  

t o  a  more compact diagram than i f  t h e  mass i t s e l f  were used.  F i g u r e  2-1 

i s  a  graph of t h e  mean d e n s i t y  a g a i n s t  log,ma~s f o r  t h e  f i v e  bod ies .  It 

i s  s e e n  a t  once t h a t  a l though  a remarkably smooth curve  can b e  drawn 

through t h e  p o i n t s  r e p r e s e n t i n g  t h e  E a r t h ,  Venus, Mars, and t h e  Maon, 

t h e  p o i n t  f o r  Mercury l i es  a  g r e a t  way of f  t h e  curve ,  and sven t h e  

p r e s e n t  s imple  c o n s i d e r a t i o n s  s t r o n g l y  sugges t  t h a t  t h e r e  i s  something 

n o t  f u l l y  unders tood about  t h e  p l a n e t .  
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QRKTN#~L . . , 
1s . 

~'QuK Qih ,, "& p, SECTION Z I X  

RECEbE CLAIEIS FOR THE SOURCES OF TtiE VALUES USED FOR 
THE MSS 02" MERCURY 

Thc v a l u e  6OOOOOO For thre r e c i p r o c a l  mass of Mercury h a s  bean 

mnintninad by Kuipar ,  1970 (Ref. 2-A) ,  t o  hnva EZrnt amargetd from work 
by Rabe i n  1950 (Ref ,  2-2) based on o b s e r v a t i o n s  of Eros ,  tkough i n  h i s  

pnpcr Rnbe a s c r i b e s  t h e  v a l u e  t o  S t r u c k e ,  1940 (Ref, 2-3 ) ,  Howev~r ,  i n  

t h i s  l n t c e r  paper ,  S r rnckc  s imply a d o p t s  6OQOOOO w i t h o u t  a l v i n g  any 

suurcc. I n  1967, Rrrbc himbclf  announced c h a t  h i s  2950 work was e n t i r e l y  

v i r i a t e d  by a conceptntl l  e r r o r  made a t  t h e  o u t s e t  (Ref, 2-4). With 

t h i u  p u t  r i g h t ,  and us ing  5700000 a s  s t n r t i n g - v a l u e ,  Rabc concluded t h a t  

t h e  v a l u e  of thc mass was a lmoct  comple te ly  i n d c t c r n t i n a t e  from t h e  per-  

t u r b a t i o n s  o f  Er08 fi?r  1926-45, and he gave n c a l c u l ~ t c d  formal v a l u e  

of 4GO!IOOO ?; 2500080 f o r  tlrc. r e c i p r o c a l  mass of Mercury. A number of 

more r e c e n t  a u t h o r s  have also adopted n mas6 n e a r  GOO0000 a s  a  s t a r t i n g -  

v s l u o  f o r  l i lnst-xquarcs a d j u s  tmcnt, 'rllus, A6hr Slrap3!ro, and Smith,  1967 

(Ref, 2-5), used G L l O O Q O  ns i n i t i a l  v n l u e ,  a figure obta ined  by 

Clcmcncc i n  1965 (lief, 2-6) u s i n g  p r c c i s c l y  6000000 as a  s t a r t i n g - v a l u e  

f o r  u l i g h t  clr5rrrtction. Brouwar and Clomcnsc i n  1961 (Rczi, 2-7) 

clitlmed , q u i r e  c o r r c c l l y  , t h a t  t h e  conven t ion t l l ly  adop t cd  mass of  

Ffarcury i s  nt-1 = GC)OOOOO, b u t  go on t o  s t a t e  t h a t  i t  was "obta ined by 

Ncwcumb i n  1895 (licf. 2-8) from a  generai, ad jus tment  of q u a n t i t i e s  

a f f c c t l n g  t h e  motions of t h o  f o u r  i n n c r  p l n n c t s , "  I t  w i l l  be  seen 

l a t e r ,  howcvcr, t h a t  this l a t t e r  s t a t cn icn t  by no means c o r r c c t l y  

reprcvcn ts t h e  a c t u a l  n i t u a t i u n ,  i n  t h a  L nowhere d i d  Ncwcomb a c t u a l l y  

d e r i v e  t h e  v a l u e  6000000. 

H .  N, R u s s e l l ,  1945 (Ref. 2-9), i n  d i s c u s s i n g  t h r  Mercury mass, 

p o i n t s  o u t  t h a t  o n l y  approximate v a l u e s  can b e  found because  t h e  d i s -  

t u r b i n g  e f f e c t s  of  Elcrcury on o t h e r  p l a n e t s  are  so s l i g h t .  I n  h l s  

Tab le  I V  of Elements and Cons tan t s ,  R u s s e l l  g i v e s  t h e  vn lue  7500000'1, 

b u t  n o t e s  i t  a s  u n c e r t a i n ,  and by way o f  i l l u s t r a t i o n  remarks t h a t  New- 

comb a t  one timc used 7500000'~ (Newcomb's o r i g i n a l .  s t a r t i n g  v a l u e  i n  

f a c t ) ,  w h i l e  a t  a n o t h e r  gave 6000000'~, b u t  R u s s e l l  does  n o t  mcntion 

any v a l u e  cmcrging from t h e  l eng thy  i n v e s t i g a t i o n  by Ncwcornb i n  t h e  



J8dOa and early 1890s (RaE. 2-83, hi s sa l l  also stutes t;tluc da S i t t e r  
assignad s value of 8000000-~ to tho moss, but tho presont wrltor has 
bean unabfa ra locate nny prrper by de Sitter confirming th5o. Indeed, 
i t  wauld appanr that In h i 8  own s t u d i e ~  of the wyatcm a f  mkronomical 
constant6 de S i t t e r  adopted 7500000 (1 & 0.20), and Brouwcr, 1938 (Ref'. 
2-10), sta tas that chis mass i s  tho value usad by Newcomb. 
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SECTTON V 

CQNJECTURAL EXPLANATXONS OF THE MXGB MEAN-DENSITY OF MERCURY 

A number of  v e r b a l  e x p l a n a t i o n s  have been proposed f o r  t h e  a l l e g e d  

h i g h  mean-density of Mercury, which is almost  t h n r  of: t h e  E a r t h ,  a s  For 

example t h a t  i t  is  a  n d t u r a l  consequence of t h e  p rox imi ty  of t h e  p l a n e t  

t o  t h e  Sun, and t h e r e f o r e  o n l y  t o  be  Bxpected, Yet Venus a l s o  is  

c l o s e r  t o  t h e  Sun than  i s  t h e  E a r t h ,  b u t  i ts  I n t e r n a l  s t r u c t u r e  shows 

n o t  t h e  slightest i n d i c a t i o n  of  any higher- temperature  e f f e c t  on i t s  

compcsi t ion.  Another s u g g e s t i o n  h a s  been t h a t  t h e  s o l a r  nebula  from 

which t h e  p l a n e t s  accumulated had h i g h e r - d e n s i t y  s u b s t a n c e s  i n  i t s  

i n n e r  a n n u l a r  r e g i o n ,  where Mercury presumably formed, t o  a much g r e a t e r  

e x t e n t  than e l sewhere .  T h i s ,  however, is  much too f a c i l e  t o  bc  a  satis- 

f a c t o r y  e x p l a n a t i o n ,  reminiscenl:  a s  i t  is  of "Things a r e  a s  they  a r e  

because  they  were as they were." (Gold). I t  t~o t l ld  r e q u i r e  t h a t  a 

narrow innermost annu lus  of t h e  d u s t  d i s c ,  w i t h  l e s s  than 3 p e r c e n t  of  

t h e  combined mass of  t h e  i n n e r  p l a n e t s ,  had e s s e n t i a l l y  d i f f e r e n t  com- 

p o s i t i o n  w i t h  a  much h i g h e r  p r o p o r t i o n  of heavy clenicrrts than rile 

remaining 97-plus p e r c e n t ,  But i f  t h e  o r i g i n a l  gas-dust  nebula  were 

c a p t u r e d ,  i t s  m a t c r l a l s  would b e  w e l l  mixed, and r h i s  would t h e r e f o r e  

seem a  q u i t e  unaccep tab le  p o s t u l a t e .  Both s u g g e s t i o n s  would run  i n t o  

d i f f i c u l t y  i f  t h e  c o r e  of t h e  E a r t h ,  c a r r y i n g  over  3 1  p e r c e n t  of  t h e  

whole mass, were i n t c r p r a t c d  a s  n ic lce l - i ron.  For then t h e  c o r e  of 

Venus would c o n t a i n  j u s t  under 25 p e r c e n t  of tl;c p l a n c t  a s  n i c k e l - i r o n  

( t o  g i v e  t h e  c o r r e c t  r a d i u s ) ,  which would mean a  dec rcasc  of h e a v i e r  

m a t e r i a l  n e a r e r  elle Sun, no t  a n  i n c r e a s e .  

A l l  i n  a l l ,  i t  has  l o n g  seemed a s i t u a t i o n  ve ry  d i f f i c u l t  of 

r e c o n c i l i a t i o n  w i t h  any theory  of t h e  o r i g i n  of t h e  t e r r e s t r i a l  p l a n e t s ,  

and even more s o  w i t h  t h e  theory  of p l a n e t a r y  s t r u c t u r e .  The mean den- 

s i t y  of Mercury, w i t h  t h e  c u r r e n t  v a l u e s  of t h e  mass and r a d i u s ,  would 

b e  a s  h i g h  a s  5 . 4 1  g  cm-j, on ly  s l ight1 .y  l(:ss than t h a t  of t h e  Ear th ,  

and t o  accoun t  f o r  t h i s  by means of high i ron-con ten t  would r e q u i r e  

t h e  p l a n e t  t o  c o n s i s t  of about  60 p e r c e n t  i r o n  and t h e  remaining 40 

p e r c e n t  rocky m a t e r i a l  (Reference  5-1). Cur ious ly  enough t h e  observed 



s u r f a c e  p r o p e r t i e s  of  Mercury show no i n d i c a t i o n  of any u n u s u a l i t y  of 

composi t ion,  b u t  c l o s e l y  resemble  t h o s e  of  t h e  Moon. On t h e  phase-change 

h y p o t h e s i s  f o r  t h e  n a t u r e  of t h e  t e r r e s t r i a l  c o r e ,  i r o n  c e a s e s  t o  have 

h i g h  sbcadance,  and t h i s  a c c o r d s  w i t h  t h e  mean d e n s i t l e s  of  Mars and 

ehe Moon, A t  t h e  mant le-core  boundary i n  t h e  E a r t h ,  t h e  phase-change 
-2 o c c u r s  st p r e s e n t  a t  a p r e s s u r e  of 1.37 x 10'' dyn cm , and t h e r e  can 

be no p o s s i b i l i t y  of t h e  c e n t r a l  p r e s s u r e  i n  Mercury b e i n g  as h i g h  a s  

even one- th i rd  t h i s  v a l u e .  Thus t h e  phase-change cannot  b e  invoked f o r  

Mercury, and t h e  h igh d e n s i t y  cou ld  t h e r e f o r e  o n l y  be  e x p l a i n e d  by t h i s  

l a r g e  i ron-con ten t ,  which would obv ious ly  r e n d e r  i t  a  s t r a n g e l y  excep- 

t i o n a l  o b j e c t  among t h e  t e r r e s t r i a l  group of b o d i e s .  The c u r r e n t l y  
8 

accepted v a l u e  of t h e  r a d i u s ,  2 . 44  x 10 cm, seems u n l i k e l y  t o  b e  ser- 

i o u s l y  i n  e r r o r ,  and t h u s  a t t e n t i o n  f o c u s s e s  on t h e  mass i f  t h e  s t r u c t u r e  

of Mercury i s  t o  conform w i t h  t h e  o t h e r  t w r e s t r i a l  p l a n e t s .  Only a f t e r  

s e v e r a l  y e a r s  of s e r i o u s  misg iv ings  on t h e  p a r t  of  t h e  writer abou t  t h i s  

d i f f i c u l t y  was i t  suddenly  pe rce ived  t o  be  e s s e n t i a l  t o  go over  t h e  

whole h i s t o r y  of tlla mass of Mercury t o  d e t e r m i n e  j u s t  a t  what p o i n t  i n  

t ime t h e  v a l u e  6000000-~  f  i r s t  s u r f a c e d  i n  t h e  l i t e r a t u r e ,  and of  c o u r s e  

exactly how i t  came t o  do s o ,  The outcome of t h e  r e s u l t i n g  i n v e s t i g a -  

t i o n  h a s  l e d  t o  a  n o s t  s u r p r i s i n g  d i s c o v e r y .  



SECTION VI 
THE EARLIEST ATTEMPTS TO DETERMINE THE MASSES OF 

MERCURY, VENUS, AND MARS 

The d i s c o v e r y ,  y e t  t o  b e  d e s c r i b e d  as t o  i t s  n a t u r e ,  was made a s  

a r e s u l t  of proceeding r i g h t  back i.n time through a l l  t h e  numerous 

e f f o r t s  t o  de te rmine  t h e  mass o t  II?t:zury. These began l a t e  i n  t h e  

1 8 t h  c e n t u r y  when t h e  t h e o r y  of  ~ 1 :  inotions of t h e  p l a n n t s  was b e i n g  

developed by Lap lace  (Reference  6-1) and many o t h e r s .  A t  t h a t  p e r i o d ,  

t h e  Mar t i an  s a t e l l i t e s  remained undiscovered,  and t h u s  t h e r e  was no 

s i m p l e  way t o  f i n d  even approx imate ly  t h e  mass of Mars, and s i m i l a r l y  

of Venus and Mercury, i n  terms of  t h a t  of  t h e  Sun. To meet t h i s  d i f -  

f i c u l t y ,  Lagrange i n t r o d u c e d  t h e  pure ly  c o n j e c t u r a l  h y p o t h e s i s  t h a t  t h e  

mean d e n s i t y  o f  any p l a n e t  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  i t s  d i s t a n c e  

from t h e  Sun, a  r u l e  t h a t  found some s u p p o r t  from t h e  v a l u e s  f o r  t h e  

E a r t h ,  J u p i t e r ,  and S a t u r n ,  which possessed  one o r  more s a t e l l i t e s .  

The a n g u l a r  d i a m e t e r s  of  t h e  p l a n e t s ,  which a r e  needed t o  f i n d  t h e  

d e n s i t i e s ,  were known a t  t h a t  t i m e  on ly  w i t h  moderate accuracy ,  b u t  t h e  

p r e s e n t  v a l u e s  used f o r  T a b l e  6-1 a d e q u a t e l y  i l l u s t r a t e  Lagrange 's  i d e a .  

T a b l e  6-1. Lagrange ' s  Rule f o r  E a r t h ,  J u p i t e r ,  and S a t u r n  

Parameter  E a r t h  J u p i t e r  S a t u r n  

D i s t a n c e ,  AU 1.00 

-3 D e n s i t y ,  & cm 5.52 

Produc t  5.52 

The agreement i s  s e e n  t o  b e  no more than f a i r ,  b u t  i n  t h e  complete  

absence iXf any o t h e r  gu ide ,  Lap lace  extended t h e  r u l e  t o  t h e  t h r e e  

p l a n e t s  Mercury, Mars, and J u p i t e r ,  f o r  on ly  t h e  l a s t  of  which were 

bo th  t h e  d i s t a n c e  and d e n s i t y  known. Again u s i n g  p r e s e n t  v a l u e s ,  s o  

t h a t  t h e  p roduc t  o f  d i s t a n c e  and d e n s i t y  would b e  6 .94  u n i t s ,  t h e  r u l e  

would give t h e  v a l u e s  shown i n  Tab le  6-2.  The r e s u l t i n g  d e n s i t y  f o r  

Mars i s  s e e n  t o  b e  only a b o u t  one-s ix th  t o o  g r e a t ,  b u t  t h a t  f o r  Mercury 



Table 6-2. Est imates  of Density Ear Mcrcury and Mars 

l'arnme tcr Mercury Mars 

Distance,  AU 0,  3871 

Implied dens i ty ,  g s3 17.93 

is  c l e a r l y  a lmost  impossibly on the  high s ide .  Despi te  t h i s ,  Laplace 

so ld i e r ed  on, and t h e  r e s u l t i n g  va lues  of the  masses, i n  terms of t h a t  

of the  Sun (using the  p r e s e n t l y  known va lues  of  t he  d iameters ) ,  would be: 

Mercury 1823080-I Mars 2675782-I 

Laplace i n  f a c t  ob ta ined ,  and used i n  h i s  p l ane t a ry  theory,  the  fo l1 .0~-  

i n g  somewhat d i f f e r e n t  values:  

Mercury 2025810-I Mars 1846082~' 

The f i r s t  of t he se  i s  about t h r e e  times the  mass c u r r e n t l y  adopted f o r  

Mercury, whi le  t h e  second i s  about f i v e - t h i r d s  t h e  cu r r en t  va lue  f o r  

Mars. 

The next  e s t ima te  of t he  Mercury mass was given by Encke i n  1841 

(Reference 6-2), and was based on a s tudy of t h e  pe r tu rba t ions  i n  t h e  

o r b i t  of t he  short-per iod comet, now named a f t e r  him, f o r  t h e  i n t e r v a l  

1832-1838. Encke a r r i v e d  a t  t h e  r e s u l t  4865751-I f o r  the  mass of 

Mercury . 

In 1842, Rothman (Reference 6-3) obtained a  va lue  3182843-I from 

the p a r t  produced by Mercury i n  t h e  motion of t h e  p e r i h e l i o n  of Venus. 

A s  y e t ,  LeVerr ier ,  1859 (Ref. 6-4), was s t i l l  t o  demonstrate t h a t  t h e  

pe r ihe l ion  of Mercury exh ib i t ed  an e n t i r e l y  i nexp l i cab l e  r e s idue  i n  

i t s  motion, whi le ,  i n  a d d i t i o n ,  t h e  o r b i t  of Venus has  such smal l  

e c c e n t r i c i t y  t h a t  the  n~o t ion  of i t s  pe r ihe l ion  must i t s e l f  have been 

extremely unce r t a in  of determinat ion.  



LeVer r i e r  f i r s t  came on t h e  s c e n e  i n  t h e  p r e s e n t  connec t ion  w i t h  

h i s  T a b l e s  of  Venus, 1844 (Ref. 6-5), i n  which, f o r  t h e  p e r t u r b a t i o n s  of 

Venus and t h e  E a r t h ,  h e  made u s e  of t h e  round f i g u r e  3000000-~  f o r  t h e  

mass of Mercury. Seventeen y e a r s  l a t e r ,  from t h e  p e r t u r b a t i o n s  of Venus 

by Mercury, LeVer r i e r  found t h e  mass t o  be  5310000-~ ,  and,  from t h e  

p e r t u r b a t i o n s  of t h e  motion of t h e  E a r t h ,  4360000-~ (Reference  6-6) . 

L a s t l y ,  i n  t h i s  e r a  of  t h e  h i s t o r y ,  von Asten i n  1876 (Reference  

6-7) a r r i v e d  a t  t h e  v a l u e  7636440-I from a n a l y s i s  of t h e  p e r t u r b a t i o n s  

of Comet Enckc d u r i n g  1819-1868, a p e r i o d  f a r  more e x t e n s i v e  than  t h a t  

a v a i l a b l e  t o  Encke himself  i n  1841. 

Then 3,n 1877, t h e  sa te l l i t e s  of Mars were d i s c o v e r e d ,  and hence- 

f o r t h  t h e  mtss of  t h i s  p l a n e t  could  be regarded  a s  known w i t h  f a r  

g r e a t e r  c e r t a i n t y .  3 

From t h i s  improved s i t u a t i o n ,  T i s s e r a n d  i n  1882 ( R e f r r r n c r  6-a),  

from a d i s c u s s i o n  of t h e  p e r t u r b a t i o n s  of Venus, o b t a i n e d  t h e  v a l u e  

7100000-~ f o r  t h e  Mercury mass. S e v e r a l  y e a r s  l a t e r ,  i n  h i s  famous 

fldcanique ~ k l e s t e ,  T i s s e r a n d  was of t h e  op in ion  t h a t  t h e  v a l u e  c l o s e  ' 

t o  9 7 0 0 0 0 0 ' " ~ ~  ob ta incd  by Bnckl1lnd frnm h i s  s t u d y  of t h e  motion of  

Encke's  comet, mtrrited s e r i o u s  c o n s i d e r a t i o n .  

Next,  i n  1889, a whole s e r i e s  of f i v e  d i f f e r e n t  v a l u e s  were 

announced by von H a e r d t l  (Reference  6-9). F i r s t ,  u s i n g  p e r t u r b a t i o n s  

of Comet Encke over  t h e  i n t e r v a l  1858-1886, h e  found 5514700-I. Sec- 

ond, u s i n g  r e s u l t s  t aken  from von Asten f o r  t h e  motion of comet Encke, 

von H a e r d t l  found 5648600-I: and t h i r d ,  u s i n g  r e s u l t s  of  Backlund f o r  
1 comet Encke, he found 5669700- . A f o u r t h  r e s u l t  was reached by a d i s -  

c u s s i o n  of f o u r  e q u a t i o n s  o b t a i n e d  by L e V e r r i r r  t h a t  y i e l d e d  55 14700-I. 

L a s t l y ,  von H a e r d t l  r e c o n s i d e r e d  a n  equa t ion  of LeVer r i e r  and i n c l u d e d  

a n  o b s e r v a t i o n  made by Horrocks i n  1639 (presumably r e l a t e d  t o  t h e  

t r a n s i t  of Venus i n  t h a t  y e a r ) ,  which i t  seems LeVer r i e r  had r e j e c t e d ,  

and t h i s  l e d  t o  mass 17120000-l. A l l  t h e  m a t e r i a l  made use  of p reda ted  

t h e  d i s c o v e r y  of Phobos and Deimos, and t h u s  involved a h i g h l y  u n c e r t a i n  

mass of Mars. 



I n  1885 Backlund discussed t h e  pe r tu rba t ions  of comet Encke f o r  

tho  i n t e r v a l  1871-1885 and concluded wi th  a mass-value of 2668700-I f o r  

blorcury, bu t  i n  1894 tha same au thor  (Relerence 6-10), from the  pe r tu r -  

ba t i ons  of  t he  cornet over t h e  longer  i n t e r v a l  1871-1891, found a va lue  

of 9647000-I. The g r e a t  d i f f e r e n c e  ehoaa t he  l a r g e  uncer ta in ty  of any 

r e s u l t  based on t h i s  comet. 

Going forward a few yea r s ,  G, W. ~ l l i  (of l una r  theory fame), per- 

haps despa i r i ng  of t h e  l a r g e  discordances of masses a r r i ved  a t  by 

dynamicaL means, i n  1898 (ReEerence 6-11) rever ted  t o  a phys ica l  

approach (Reference 6-12) t h a t  made use  of an extended form of t he  

i n t e rna l -dens i ty  law of Laplace. S u f f i c e  i t  here  t o  s t a t e  t h a t  H i l l  

a r r i ved  a t  a va lue  11634200-~ f o r  t h e  llercury mass, while  a£  ter same 

adjustments  "allowing f o r  t he  cool ing of t he  p lane t  s i n c e  i t s  formation",  

t he  mass was fncreased s l i g h t l y  t o  10530500-~. 



SECTION V I I  

THE EXTENSIVE TNVESTIGATXBN BY NEGICOMB OF THE MOTIONS OF 
THE YOUR INNER PLANETS 

Return iug  now t o  t h e  successive dynamical de te r in ina t ions  of t h e  

mass of Mercury, I n  t h e  1880s t h e  renowned Simon Newcomb, t h e n  r e s p a n s i -  

b l e  f o r  producing t h e  American Ephemeris, commenced a  thoroughgoing 

investigation of t h e  motions of t h e  f o u r  i n n e r  p l a n e t s .  T h i s  was based 

upon 62,030 mer id ian  o b s a r v a t i o n s  of the  Sun, Mercury, Venus, and Mars 
made a t  t h i r t e e n  o b s e r v a t o r i c s ,  spaced warldwide. The o b s e r v a t i o n s  

from Greenwich covered t h e  complete pe r iod  1750-1892 under discussion, 

t h e  n e x t  l a r g e s t  c o n t r i b u t i o n  was from P n r i s  f o r  t h e  y e a r s  1801-1889, 

w h i l e  t h e  s h o r t e s t  was frotn S t r a s s b u r g  1884-1887. F u r t h e r  t o  t h i s  

fundamental  m a t e r i a l ,  Newcomb had a v a i l a b l e  t h c  f a r  more r e l i a b l e  d a t a  

f o r  Venus emerging from t h e  f o u r  t r a n s i t s  of t h e  p l a n e t  t h a t  occur red  

i n  t h e  y e a r s  1761, 1769, and 1874, 1882, I n  a d d i t i o n ,  Newcomb aLsa had 

a t  h i s  d i s p o s a l  t h e  s i m i l a r l y  more r e l i a b l e  d a t a  f o r  Mercury d e r i v e d  

from 23 t r a n s i t s  of t h e  p l a n e t  observed d u r i n g  t h e  time range  1677-1881. 

P u b l i c a t i o n  of t h i s  massive i n v e s t i g a t i o n ,  s t a g e  by s t a g e ,  was t o  F i l l  

many pages of t h e  j o u r n a l  founded by Newcomb i n  t h e  e a r l y  1880s e n t i t l e d  

"Astronomical Papers  p repared  f o r  t h e  use  of t h e  American Ephemeris. " 

At t h e  ve ry  beginning of t h i s  work, wl~icll  occupied s e v e r a l  y e a r s ,  New- 

comb lists f o r  t h e  p r o v i s i o n a l l y  accep ted  mass of Mercury t h e  v a l u e  

found by Encke a s  long b e f o r e  a s  1841, namely 486575lW1, though Newcomb 

does  n o t  seem t o  have made any a c t u a l  u s e  of i t .  

When t h e  work was completed,  Newcomb i n  1895 publ ished t h e  whole 

i n  summary, b u t  by no means b r i e f  form, which d e s c r i b e d  a l l  t h e  proce- 

d u r e s  adopted and t h e  main s t a g e s  and s t e p s  of t h e  c a l c u l a t i o n s .  The 

r e s u l t i n g  volume, which has  s i n c e  become c l a s s i c a l ,  was e n t i t l e d  - The 

Elements of t h e  Four I n n e r  P l a n e t s  and t h e  Fundamental Cons tan t s  of 

Astronomy (Reference 2-8). 

I n  t h i s ,  Newcomb e x p l a i n s  f i r s t  t h a t  i f  t h e  s e c u l a r  v a r i a t i o n s  of 

t h e  e lements  a r o s e  s o l e l y  from t h e  a c t i o n s  of t h e  p l a n e t s  upon each 

o t h e r ,  i t  would b e  p o s s i b l e  t o  d e r i v e  t h e  masses of t h e  p l a n e t s  from 



t h e s e  pcsrturbntions.  But LeVer r ie r  had long  s i n c e  been t h e  f i r s t  t~ 

d s m o t ~ s t r o t e  t h a t  t h e  w h o l ~  ~ d v a n c e  $F t h a  p e r i h a l i o n  o f  Mercury was 
i n e x p l l c o b l s  by p l a n e t a r y  a c t l o n  o n l y ,  a s  a l s o  b u t  t o  o  l e s s e r  c x t c n r  

was t h o  motion of t h e  node of Venus, A t  t h n t  time, i t  was suspec ted  

t h e r e  ntight bo unrecognized masses n e a r  t h e  Sun: indeed,  d i scovery  o i  

a n  i n t r a - M e r c u r j a l  p l a n e t  was actun1J.y r e p o r t e d  i n  1859, when i t  was 

g i v e n  t h e  name Vulcan, and a g a i n  i n  1878, b u t  i t  is  a s  n e a r  c e r t a i n  ns 

p o s s i b l e  t h a t  no such o b j e c t  n o r e  than  20 km i n  r a d i u s  can be p r e s e n t .  

(Reft9rence 2-9, p. 358.) Accordingly ,  Ncwcomb was fo rced  t o  nlake use 
of t h e  p e r i o d i c  i n e q u a l i t i e s  t o  de te rmine  t h e  masses of Venus and 

Mercury . 

The g r e a t e s t  p e r t u r b a t i o n  produced by Mercury on any p l a n e t  i s  i n  

t h e  l o n g i t u d e  o f  Venus, and i t  h a s  a  c o e f f i c i e n t  of only  Ot',365. ( f o r  

Mercury mass 6000000-~)  and a p e r i o d  of 5.662 y e a r s .  The n e x t  l a r g e s t  

h a s  a  c o e f f i c i e n t  o f  8".265 and a  p e r i o d  of 1.110 y e a r s ,  whi le  t h e  n e x t  

h a s  a c o e f f i c i e n t  of 01'.105 and a  p e r i o d  of 0.555 y e a r ,  Thus f o r  t h e  

l a r g e s t ,  one .Ls seek ing  a  term of t o t a l  r ange  l e s s  than Ot'.8 b u t  of 

a c c u r a t e l y  known p e r i o d ,  However, nleasures of t h e  a n g u l a r  p o s i t i o n  of 

t h e  c e n t e r  of Venus a r e  s u b j e c t  t o  c o n s i d e r a b l e  inaccuracy  ( f o r  well- 

known r e a s o n s )  w i t h  a p robab le  e r r o r  of .C1".0 i n  bo th  R.A.  and Bcc l ina -  

t i o n .  On t h e  o t h e r  hand, t r a n s i t s  of Venus a c r o s s  t h e  s o l a r  d i s c  enab le  

p o s i t i o n s  of t h e  p l a n e t  t o  b e  determined w i t h  f a r  g r e a t e r  accuracy.  

Such a  t r a n s i t  occur red  i n  1639, b u t  was observed on ly  i n  England, and 

n o t  used by Newcomb, b u t  f o u r  more occurred i n  t h e  y e a r s  1761 and 1769, 

and 1874 and 1892, which he  d i d  use .  Newcomb accord ing ly  decided t o  

make two s e p a r a t e  s o l u t i o n s :  f i r s t ,  a  s o l u t i o n  (A) based s o l e l y  on the 

mer id ian  o b s e r v a t i o n s ,  and secondly ,  a s o l u t i o n  (B) ob ta ined  by i n c l u d -  

i n g  a l s o  t h e  r e s u l t s  from t r a n s i t  o b s e r v a t i o n s  of both  Venus and Mercury. 

The l a t t e r  each gave s i x  r e s u l t i n g  e q u a t i o n s  of c o n d i t i o n  t h a t  Ncwcomb 

judged t o  have weights  250, 300, 400, 700, 700, and 1600 i n  t h e  c a s e  of 

Mercury, and weigh t s  200, 40U, 800, 200, 600, and 1600 f o r  t h e  s i x  

e q u a t i o n s  f o r  Venus- t rans i t s ,  t h e  uni t -weight  be ing  t h a t  of a s i n g l e  

mer id ian  o b s e r v a t i o n  of Venus. 
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SECTTON V I T Z  

NUMERICAL RESULTS DERIVIfL) BY NEWCOEIB FOR THE PLANETARY MASSES 

Before g iv ing  Newcomb's r a s u l c s  f o r  Mercury, i t  i s  of I n t e r e s t  

t h a t ,  s t a r t i n g  with t h e  va lue  '327000-~ f o r  t h e  maes of t h e  Eartheloon,  

t ha  f i n a l  va lue  obtainad was $28016-I wi th  a  probable e r r o r  of "eome- 

t h ing  :nore than a thousandth p a r t  of i r s  whole amount." Compared wl th  

t h e  1976 vn lus  given e a r l i e r  he ra in ,  t h i s  va lue  I s  only 0.27 percent  - 1 g r e a t a r .  For the  mass of Vanus, t h e  s t a r t i ng -va lue  assumed was 410000 

and the  f i n a l  va lue  obtained was 406690-l, whlch is  a  l i t t l e  l a r g e r  (by 

only 0.45 percent )  than the  modern accepted value.  These r e s u l t s  give 

some idea  of t h e  high accuracy ochleved by Newcomb, and i t  i s  seen t h a t  

t h e  propor t iona te  e r r o r  i n  t h e  Venus mass is not  s u b s t a n t i a l l y  g r e a t e r  

than I n  t h a t  of t h e  Earth+Moon. 

Next Newcomb d i scus se s  the  moss of Mercury, and begins  by say ing  

chat the  va lue  "which I have he re to fo re  adopted, (7,500,000)-I, was 

r a t h e r  a  r e s u l t  of genera l  estinltzte than of exact  computation1' (my - 
underl ine:  RAL). For s o l u t i o n  ( A ) ,  derivcd from t h e  meridian observa- 

t i o n s  alone,  Newcomb f i n a l l y  a r r i v e s  a t  t h e  va lue  

s o l u t i o n  (A) 

whi le  f o r  s o l u t i o n  ( B ) ,  Including the observa t ions  from t r a n s i t s ,  he 

f i n d s  

s o l u t i o n  (B)  

Newcomb then goes on t o  d i s cus s  t h e  var ious  de te rmina t ions  of the  

Mercury mass from t h e  motion of Comet Encke t h a t  had e a r l i e r  been made 

by o the r s ,  and concludes t h a t  t h e  c l o s e  s i m i l a r i t y  of t h e  s e v e r a l  

r e s u l t s  wi th  t h a t  of Haerd t l  based on fou r  equat ions of LeVerr ier  i s  

i t s e l f  a  highly susp ic ious  circumstance, Thus he wrixes, " the consls-  

teney of t he se  r e s u l t s  seems t o  be  e n t i r e l y  beyo* , what the  observa t ions  

a r e  capable of g iv ing ,  and Z h e s i t a t e  t o  a s c r i b e  much weight t o  them." 



EJaweomb nroxt steppsd o f f  b r i e f l y  t o  uttcslnpt: n physiswl  npprouct~ 

based on ost:Lmaring the tnenn d e n a i t y  of t h e  p l a n a t *  From ttrco Pact t l m t  

tha Ear th ,  Vatnus, and Mars have much the smmo d e n s i t i e s ,  1~11121~ %ht* Ebon 

hna a d e n s i t y  Q b S  c h a t  of t h e  R ~ r t h ,  he opined t h a t  Mercury probably  h a s  

n d e n s i t y  r ; i l i & l ~ t l y  g r e a k c r  than t h a t  of t h e  Efoon. S ince  ics nngulnr  d in -  

meter n t  1 AU war; known t o  be 6". 6 ,  t h i o  would mean R d iamete r  about: 

rh rea -a lgh ths  t h a t  of t h e  E a r t h ,  and then,  by a ~ s u m l l l g  a d e n s i t y  0 , 7  t h a t  

o f  t h e  Ear th ,  Newcomb a r r i v e d  a t  a mass of about  9000000"~ f o r  Mercury. 

If only  he had known how c l o s e  t h i s  war;! Me then ndded that: "in view of  

t h e  measured d inmeter be ing  probably  somewhat COO small [ i t  was s o  by 

abou t  100 km], t h e s e  c o n s i d e r a t i o n s  load u s  t o  conclude t h a t  t h e  mass is 
probably between 6000000-I and 9000000-~" (my u n d e r l i n e ;  ML) . Rue h e  

went no f u r t t ~ e r  and d i d  n o t  r e v e r t  t o  t h o  dic;cussion a g a i n *  

F i n a l l y  11e s t a t e d  t h a t ,  f o r  the v a l u e  of t h e  mass t o  be  used i n  

i n v e s t i g a e i n g  el?e s e c u l a r  v a r i a t i o n s ,  "1 have adopted 1.08/ (7500000). I '  

LE is not made t l e e r  d u e t  where t h e  fac to r  1.08 comes from, b u t  it: i t n - 6  

p l i e s  a r e c i p r o c a l  mass of 6944444. Th is  i s  duly tabulated a s  t h e  

v a l u e  used f o r  Mercury i n  determining t h e  s e c u l a r  v a r i a t i o n s ,  w h i l e  t h e  

v a l u e s  used f o r  Venus and tho  E a r t h  a r e  g iven  r e s p e c t i v e l y  a s  406750 

and 328000, e v i d e n t l y  r e s u l t i n g  from smal l  and urlfmportant rounding-off 

of t h e  v a l u e s  a c t u a l l y  emerging from thc  e a r l i e r  d i s c u s s i o n .  

Having d e a l t  w i t h  t h e  s e c u l a r  v a r i a t i o n s ,  New.comb then d i s c u s s e d  

c e r t a i n  o t h e r  c o n s t a n t s  t h a t  needed t o  b e  recons idered  b e f o r e  f i n a l  

v a l u e s  of the  masses could be found, Th is  done, he r e t u r n e d  t o  t h e  

q u e s t i o n  of a c t u a l  masse!:, and r rocceded t o  make what: he termed a 

d e f i n i t i v e i  a d j  u s  tmemet. I n  ca'rrying t h i s  o u t  , Newcarnb f i r s t  decided tlsat 

no adjus tment  of t h e  mass nf  Mars was necessa ry ,  and he went on t o  con- 

s i d e r  t h e  weights  t o  be ass igned  t o  t h e  v a l u e  of t h e  s o l a r  p a r a l l a x  

used,  to t h e  c o n s t a n t . o f  a b e r r a t i o n ,  t h e  motion of t h e  node a f  Venus, 

and t o  c e r t a i n  i n t e r m e d i a t e  r e s u l t s .  As t o  the  outcome, t h e  v a l u e  he 

reached f o r  t h e  mass of Venus was 406600-~.  He then  r e v e r t e d  t o  t h e  

v a l u e  h i t h e r t o  ndopted f o r  t h e  s o l a r  p a r a l l a x ,  which was B1'.797, and 

a f t e r  b r i e f  d i s c u s s i o n  of i t s  p o s s i b l e  range of e r r o r  f i n a l l y  s e l e c t e d  



an int~xmcodlnts vdilua of 8".790, and thln lad to thci d ~ f i n i t i v c s  vnluro 
for Vmus of 408000-~. Thi. lase adjuetnsnl: eercainly s~rccoadad i n  
bringing tha mass nanrar to tha 1976 valua ( T n b l s  1-2). 



INS6 VALUE AND l1UN DENSLTX REAt,LY CXVON FOR 
MERCURY IfY NDWCOl3B'S XNVESTFGATZBN 

D i s c u s a i o , ~  by Nawcomb of the ntnsa s f  Mercury f o r  clI$;Lai1.~v& 
begins from the value (B) given earller herein, nnmcly 

( 1  t 0.35) ( 7 9 4 3 0 ~ 0 ) - ~  s o l u t i o n  (B) 

Newcomb mantians t h a t  the values  of the  denominator carrcspondlng t o  t11c 
mean-error l i m l t o  a r e  5890000 and 12210000. (Tlrese a r e  t h e  f l g u r c ~ ~  he  

g ivas :  they should ba 5883704 and 12220000; but  t he  d3fCcrcnees firQ not  

impartmnt,) He goes on t o  say  t h a t  " these  limits a r c  xo wide as t o  in- 

c lude  a11 admiss ib le  r e s u l t s  f o r  tho  matis of klcrcury ," ,?nd cnnt h u e s ,  

"aoreover,  we cannot d e f i n i t e l y  soy t h a t  the. va lue  of ( U )  , 7943000-I, 

is  mntkcdly g r e a t e r  o r  less than t h a t  given by t h e  wcightcd mean of a l l  

o the r  r e s u l t s ,  s i n c e  we might: no weight t he  l a t t e r  a s  t o  g ive  ."- rceult: 

g r e a t e r  o r  l e s s  without  t ranscending the bounds of jud ic ioue  judgment," 

Wis iiext s ta tement  an t he  mat te r  is  son~ewhat: l e s s  c l e a r ,  f o r  i t  s ays ,  

"1 conceive t he re fo re  t h a t  we a r e  j u s t i f i e d  i n  reducing t h e  mean-errors 

t o  $0.26, which w i l l  g ive  a s  the equa t ion  of condi t ion ,  v - -0,055k0.25." 

The quan t i t y  v used he re  is  a parameter t h a t  e n t e r s  i n  t h e  mass of Mcr- 

cury i n  a s s o c i a t i o n  wi th  a r e c i p r o c a l  mass number i n  t he  denotnlnator, 

thus mass-* = (1 f v)/number, t he  va lue  of t he  number tak ing  whatever 

mass-value i s  being ad jus ted .  Thus t he  va lue  of 1 I- v f o r  (B) was 

found by Newcomb f o r  t h e  purposes of d e f i n i t i v e  adjustment t o  be  

1 - 0.355 $ 0.25, which l eads  t o  

(0.945 t 0.25) (7943000)-I o r  (1 k 0.26) (8405291)~'  

d e f i n i t i v e  (B)  

Strange ly  enough, wi th  no reason given, t h i s  l a s t  s t e p  i n  t h e  ca lcu la -  

t i o n ,  which would have y ie lded  t h e  a i l -des i r ed  answer, i s  nowhere set: 

down i n  p r i n t  by Newcomb, b u t  when it i s  made i t  shows how t h e  reduced 

e r r o r  range, which h e  does g ive ,  namely k0.26, i s  r e l a t e d  t o  t h e  va lue  



v = -0.055 t 0.25. Tllus f h ~  final @ ~ Q n ~ t & v ~ ~ $ ~ ~ s h m g ~ f :  for Lhe mnm 

o f  Morcury lcada t o  n ccnrrnl mast-probable vnluc co 8401291~!, 
* I  I .  C '  

w i t 1 1  B mass-ranga corresponding t o  tha mean-error limits given by 

6670866"' t o  11358501-I. Using the pr~sancly nccepc~d valua of  thr 
8 radius, 2.44 x 10 cm, thta result corrttspondg to LIID p o l l ~ t  X i n  1'18- 

ure 2-1 just above the rurvo a t  the itiw~br lrfk. On Lhe aamr bostx, cbc 
p o i n t  would itc more or less exactly on Lhe curvr for a density of 

3 . 6  g e c 3 ,  wlLb n rorrespond.lng rorlprural noaa o l  9017000 



SECTTON X 

NEWCONB'S INEXPLXCAHLE KEJECTION OF HIS REAL RESULT XN 
FAVOR OF A RANDOMLY TAKEN MASS VALUE 

E t  i s  a t  t h e  n e x t  s t n g e  l-hat Newcomb makes a most e x t r a o r d i n a r y  

d e c i s i o n .  A f t e r  p o i n t i n g  o u t ,  what is  unques t ionab ly  t h e  c a s e ,  t h a t  i t  

is a p r a c t i c a l  n e c e s s i t y  i n  p rddur ing  T a b l e s  of t h e  c e l e s t i a l  mot ions  t o  

d e c i d e  upon a s p e c i f i c  mass f o r  each  p l a n e t ,  he  s a y s ,  "Our T a b l e s  must 

be f o u n d f *  on some p e r f e c t l y  c o n s i s t e n t  t h e o r y ,  t h e  e lements  of which 

s h a l l  be  s o  clrosen ns best: t o  r e p r e s e n t  t h e  o b s e r v a t i o n s . "  For  t h e  mass 

of Venus, Newcomb du1.y a s s i g n s  the vdj  useed def i n i t i v e  v a l u e  408000-I. 

B u t  t h e n ,  d e s p i t e  a l l  t h a t  h a s  gone b e f o r e ,  comes t h e  wholly i n e x p l i c a -  

b l e  d e c i s i o n  

"For t h e  mass of Mercury I took  1 t 6,000,000." 

I n  o t h e r  words, Newcomb adopted a v a l u e  n o t  even l y i n g  w i t h i n  t h e  e r r o r -  

range of  t h e  f i n a l  v a l u e  t h a t  hc had a r r i v e d  a t  w i t h  such  s k i l l  and un- 

r e m i t t i n g  t o i l .  There  i s  t o  be  found no j u o t i f i c a t i n n  a t  any p o i n t  i n  

h i s  discussion f o r  t l~ i s  e x t r a o r d i n a r y  s t e p .  H e  could  w i t h  eqrial l a c k  

of j u s t i f i c a t i o n  havc "taken" 12000000-l! 

Where Venus i s  concerned,  t h e  v a l u e  f i n a l l y  adopted w a s  rounded 

o f f  t o  408000'~,  s l i g h t l y  s m a l l e r  than t h e  f i ~ u r e  emerging from t h e  

a c t u a l  s o l u t i o n  by a f a c t o r  0.9968, and i t  i s  remarkably c l o s e  t o  t h e  

present-day accep ted  v a l u e .  On a s i m i l a r  b a s i s  f o r  Mercury, t h e  emerg- 

i n g  f i n a l  v a l u e  would b e  8432274-I, w h i l e  even i f  i t  were a l t e r e d  by a 

f a c t o r  0 .99,  t h r e e  t imes  t h e  change made f o r  Venus, t h e  mass would on ly  

d e c r e a s e  s l i g h t l y  t o  8490193-l. To b r i n g  i t  t o  6000000-~  would r e q u i r e  
I 

a n  i n c r e a s e  by a f a c t o r  1.400882. 

Nowhere can t h e r e  be  found any sugges ted  s o u r c e  f o r  s o  unaccept-  

a b l y  l a r g e  a change a t  t h i s  l a t e  s t a g e  when on ly  minu te  a d j u s t m e n t s  and 

rounding-offs  a r e  being made. Newcomb went on t o  admit  t h a t ,  "Actual ly  

i t  seems t h a t  t h i s  mas.? i s  l a r g e r  than  t h e  most p robab le  one on e i t h e r  



h y p o ~ h e s i s "  (my u n d e r l i n e :  UL) , and he adds ,  "though n o t  w i t h o u t  t h e  

range  of e a s y  p c s s i b i l i t . y .  " Dut what imaginable  j u s t i f  Scaeion could  

t h e r e  b e  f o r  nimply d iesca rd ing  t h e  f i n a l  c e n t r a l  v a l u e  of 8405291-I s o  

zen lous ly  s ~ i i g h ~  and l a b o r i o u s l y  c a l c u l a t e d ?  

some minor ad jus tment  ( a s  was made f o r  Venus) t o  a n  a d j ~ c c n t  round 

f i g u r e ,  s a y  t o  8400000-~,  would have been p e r f e c t l y  a c c e p t a b l e  and 

unders tandab le  i n  view of u n c e r t a i n t i e s .  E a r l i e r  i t  was noted h e r e i n  

t h a t  Newcomb had d e s c r i b e d  h i s  s t a r t i n g - v a l u e  of 7500000-~ a s  " r a t h e r  

a r e s u l t  o f  g e n e r a l  e s t i m a t e  t h a n  of e x a c t  computation." Yet now, when 

t h e  f i n a l  r e s u l t  of  e x a c t  computation i s  s a f e l y  i n  h i s  hands,  h e  r e j e c t s  

it o u t r i g h t  i n  f a v o r  of an a l i e n  f i g u r e  w e l l  o u t s i d e  t h e  mean-error 

range.  It is  e n t i r e l y  a g a i n s t  s c i e n t i f i c  p r i n c i p l e  and p r a c t i c e  t o  have 

t aken  such a n  unreasonable  and indeed q u i t e  unnecessary  s t e p .  I n  r e a l i t y ,  

t h e r e  was no p o s s i b l e  cho ice  open t o  him, a f t e r  having completed t h e  

f i n a l  d e f i n i t i v e  ad jus tment ,  o t h e r  than  t o  a c c e p t  t h e  c e n t r a l  valare 

a r r i v e d  a t ,  namely 8405291, f o r  t h e  r e c i p r o c a l  mass of Mercury, Why a t  

such a s t a g e ,  when no f u r t h e r  d e c i s i o n  was c a l l e d  f o r ,  should  i t  ever 

occur  t o  anyone t o  a l t e r  t h e  emergent v a l u e  t o  a q u i t e  a r b i t r a r y ,  ran- 

dom f i g u r e  p a s s e s  comprehension. The l a b o r s  of many as t ronomers  making 

over  60,000 o b s e r v a t i o n s  d u r i n g  a per iod  of more than a c e n t u r y ,  t h e  

e x t e n s i v e  work of reduc ing  t h e s e  o b s e r v a t i o n s  t o  s u i t a b l e  form, t h e  

o r g a n i z a t i o n  of e x p e d i t i o n s  f o r  t r a n s i t - o b s e r v a t i o n s ,  and t h e  d i s c u s s i o n  

of a l l  t h e  m a t e r i a l  s o  o b t a i n e d  by means of i n t r i c a t e  p l a n e t a r y  t h e o r y ,  

w i t h  a l l  t h e  concomitant r equ i rements ,  r e p r e s e n t e d  s e v e r a l  y e a r s  work 

on h i s  own p a r t  under taken w i t h  t h e  c e n t r a l  o b j e c t i v e  of f i n d i n g  t h e  

masses of Venus and Mercury. L e t  i t :  be emphasized t h a t  t h e  p r o j e c t  

appears  t o  have been wonderful ly  s u c c e s s f u l  i n  de te rmin ing  t h e  mass of 

Venus w i t h  a lmos t  s u r p r i s i n g l y  g r e a t  accuracy ,  y e t  where Mercury i s  con- 

cerned,  t h e  v a s t  i n v e s t i g a t i o n  need never  have been c a r r i e d  o u t ,  and 

con t inued  u s e  of t h e  a l r e a d y  a v a i l a b l e  g e n e r a l  e s t i m a t e  of 7500000 would 

c l e a r l y  have been a f a r  b e t t e r  d e c i s i o n .  



d 

SECTTON X I  

CIRCUMSTANCES LEADING TO GENERA14 ACCEPTANCE OF THIS 
ARBITRARY INAIIIIIS SIULE VALUE 

I n  1896, t h e  y e a r  a f t e r  t h e  p u b l i c a t i o n  of The Elements of t h e  Four 

I n n e r  P l a n e t s  and t h e  Fundamental Cons tan t s  of Astronomy, t h e r e  was he ld  - 
i n  P a r i s  a n  I n t e r n a t i o n a l  Conference t o  d i s c u s s  what v a l u e s  f o r  t h e  

p l a n e t a r y  masses,  and o t h e r  c o n s t a n t s  of t h e  ~ ~ o l a r  system, shou ld  be  

g e n e r a l l y  adopted (Reference 11-1). Newcomb would obv ious ly  have had 

g r e a t  i n f l u e n c e  i n  view of h i s  monumental work on t h i s  ve ry  m a t t e r  hav- 

i n g  been brought  t o  complet ion i n  t h e  p rev ious  y e a r .  I n  t h e  f i n a l  ses- 

s i o n  of t h e  confe rence ,  Newcomb p r e s e n t e d  a  c o n s i s t e n t  s e t  of what h e  

regarded a s  t h e  most p robab le  v a l u e s  f o r  t h e  c o n s t a n t s  of t h e  s o l a r  sys-  

tem, and announced t h a t  they  had a l r e a d y  been i n t r o d u c e d  i n t o  h i s  T a b l e s  

of t h e  P l a n e t s .  Cur ious ly  encugh, however, i n  t h e  pub l i shed  r e p o r t  of 

t h e  con£ e rence ,  sub t i t l e d  ~ r o c 2 s - ~ e r b a u x ,  no numer ica l  v a l u e s  who t e v e r  ' 

f o r  t h e  masses of t h e  p l a n e t s  a r e  recorded .  But i t  must have been t h e  

c a s e  t h a t  Newcomb presen ted  them i n  some form, i n  view of t h e i r  having 

been adopted a f t e r  s e v e r a l  s e s s i o n s  of d i s c u s s i o n .  The confe rence  i n  

f a c t  had no o f f i c i a l  a u t h o r i t y  whereby t o  t a k e  any d e c i s i o n  a s  b ind ing  

on o t h e r s  than t h o s e  p r e s e n t .  But t h e  Chairman, w i t h  t h e  f u l l  consen t  of 

t h e  meet ing,  expressed t h e  hope and a s s u r e d  Newcomb accord ing ly  t h a t  . . 
h i s  system of c o n s t a n t s  would become g e n e r a l l y  adopted w i t h  a s  l i t t l e  

d e l a y  a s  p o s s i b l e .  H e  went on t o  t e n d e r  t h e  warmest g r a t i t u d e  t o  New- 

comb f o r  having c o n t r i b u t e d  i n  s o  impor tan t  a  way t o  t h e  s u c c e s s  of t h e  

conference by e n a b l i n g  i t s  members t o  b e n e f i t  by t h e  r e s u l t s  of h i s  

g r e a t  works. 

Air t o  g e n e r a l  adop t ion  i n  t h e  immediate f u t u r e ,  c l e a r l y  t h e  p a r t i e s  

p r i n c i p a l l y  concerned would have been t h e  Almanac O f f i c e s  of t h e  Naval 

Observatory,  Washington, and of t h e  Royal Observa to ry ,  London, i n  v iew of 

t h e i r  r e s p o n s i b i l i t y  f o r  p roduc t ion  of t h e  Ephemerides. Although i t  

h a s  n o t  been p o s s i b l e  t o  l o c a t e  any pub l i shed  r e c o r d  of such agreement,  

i t  seems c e r t a i n  t h a t  u n q u a l i f i e d  agreement was promptly reached between 

t h e s e  O f f i c e s .  The c o n s t a n t s  agreed t o  b e  used h e n c e f o r t h  i n c l u d e d  of 

c o u r s e  t h e  r e c i p r o c a l  mass-values 6000000 f o r  Mercury and 408000 f o r  
r 



Venus. Conf i n n a t  ion  of t h i s  comes from Newsvrnb llinlr;r*lf , wtic*n, i n  190:3 

(Refercnc~ 11-2), he wrnto t h a t  "IJith the  y e a r  1896 canica w1ti~L w,i!, per- 

haps  the most: important  rvcnt: i n  my whrtlc p l a n .  Iir. I)ownirig, Stlptlrin- 

tcndent  of thcl 13ri t i s h  Nnut i v n l  AItnanilcv, wis animat cztl 1)y rtlt. s;inlts mot i via"', 

which was to  otld tile cotlftlsic~n ttiiit. t ~ i d  restlltrad From t h u  d1vc~r:iity o r  

v a l u e s  of fundnmcntnl rrnnst-ants used by as t ronomers  o i  v;rritru!; itrs t i t  ti- 

t i o n s .  I t  was t11c.s~~ laudah I(* c t m  i r l t~ra t i r ) tw,  shurclcl w i t  ll Nclt~~.tml), t l l i i t  

l ed  1)owlzitlg to  nrratli:t3 the, 1896 I'nr f s k:oxlf crrsnc*e, at whi r h  , to  cluotc* 

Newcomb, " i t  wa,J in f a v t  rcscrlvcd tli,lt beg:ixmin,q w i t 1 1  1901, n cB~brtain 

sc t of c o n s t a n t s  sliould bv usid i n  a l l  Llic r~ny>li~~nlcr S di;s , H_I~I)s>:~!~) iji lJy 

tilo same n ~ - ~ : h o , ' , c ; ~ J 1 ~ $ ~ ~ w ~ ~ n ? _ l ~ ~ ~ ~ ~ ~ l ~ ~ "  (!ny under 1 inr? : IIA1. j . . -. 

Tllcrc was obv ious ly  11of Lh(> smallra.;t, talcment of di,.;starit from t h i s  

r e s o l u t i o n  a t  t21c oonfcr~nt.cl ,  whic*h nppc8ars t r )  tlavt! bc>cn r'i,t~dtia~~ctI i n  

most admirably  congen ia l  n manner. But: Ncwcrrmb r v l a t e s  i n  h i s  Iicmini s- 
-a,-- 

cences  t h a t  more. than a y e a r  l a t t ' r ,  t o  h i s  g r c n t  s u r p r i s l l ,  a v i g ~ ) r o u s  

a t t a c k  on t h e  work and c:onclusions c3T t h c  c-onii c~renci! was i n n d ~ ~  by 1,c~w.i:; 

Ross, who was s u p p o r t ~ d  by S. C .  Cl~nndle r ,  Ttlcir  f i r s t  o t ~  jt~c*Lit,n w:lt; 

t h e  r a t h e r  spt!cious oncA t h a t  tllc timc was n o t  r i p c  f o r  c~onr~ludin[: on ii 

permanent sys tem of as t ronomica l  s t i lndards ,  and may 11:lvrl l)c~t*xi no niorr* 

than  a s s r c c n  f o r  L i ~ c i r  r c n l  (!omplaitit, which t?as " t  h a t  t71c1 ;Ir;lrotlomtkr.s 

of thc count ry  shotlld hcivt~ bc*r.n c>onsul t c ~ d  bcsf o r e  any dcc. i ,-; ion v:;is 

reached."  Accorqing t o  N;~wc*oml), t h e  att;ic.k had s t rnngr l  rcapr~rt*ussicxvi 

and re -c rea ted  much of t h e  e a r l i e r  i:i>nf u s i i ~ n ,  f o r  a1 thc)ugh fr)rc:igt~ 

ephemerides used "uniform d a t a  workvd nut in thcl o f f  i c*e o f  t t ir~ i\mc$r*ic*nn 

Ephemeris a t  Washington f o r  tilt. y e a r s  hrlginninl: 1901, t hclscz snmc da ta  

a f t e r  be ing  p a r t i a l l y  adoptd i n  the‘ cplicmcris f01- 1900 wcrc tllrown I ~ L  

i n  1901, and t h e  a n t i q u a t e d  ones reitltroduc*crl. I '  Nuwcomb g i v r ~ s  110 

account  of how and when t h e  disagrccmcnts  f i n a l l y  came t o  an  end,  bu t  

i t  can be inferrc ld  t h a t  h i s  views c v c t ~ t u a l l y  triumphed, f o r  a s  i ~ n s  bec~rt 

s e e n  his. v a l u e s  f o r  t h e  p l a n e t a r y  masses came t o  be f i r m l y  cntrcznt-hcxd 

among t h e  I . A . U .  System of Cons tan t s .  I t  sccms p o s s i b l e  t h a t  t h e  r'on- - 
f u s i o n  p e r s i s t e d  beyond t h e  timc of Ncwr~omb's d e a t h  i n  1909, and t h a t  

s t e p s  t o  r e s t o r e  g e n e r a l  harmony were not: recornmenred u n t i l  191 1 when 

t h e r e  was a g a i n  h e l d  j.n I 'a r is  a congress  of t h o s c  resy?onsible Tar prcpiw- 

a t i o n  of n a t i o n a l  ephemerides,  and agrcemc?nt seems t o  havr? brc~n rcnrllcd 

on t h e  system of  c o n s t a n t s  f o r  f u t u r e  adop t ion  (Kafcrcncc 11-3). 

ORTcrn*~ PAW 
01: j:,,,, I 
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SECTION X I 1  

EFFECT OF THE REVISED MERCURY MASS ON THE 
IIELIOCENTRIC COORDINATES OF VENUS 

I f  i n  f a c t  t h e  t r u e  mass oS Mercury shou ld  b e  about  9000000-~ ,  i t  

is  p l a i n  t h a t  t h e  p e r t u r b a t i o n s  on Venus, which a r e  t h e  l a r g e s t  t h a t  

Mercury produces  on any p l a n e t ,  would b e  a f f e c t e d  i n  p r o p o r t i o n  t o  t h e  

mass. The e x t e n t  t o  which t h e  s e c u l a r  p e r t u r b a t i o n s  of Venus would b e  

a f f e c t e d  is  n o t  i n v e s t i g a t e d  h e r e .  However, f o r  t h e  p e r i o d i c  p e r t u r b a -  

t i o n s ,  a l t h o u g h  unchanged i n  p e r i o d s ,  they would b e  reduced i n  t h e i r  

c o e f f i c i e n t s .  Denoting by L and Lv t h e  mean-anomalies o f  Mercury and m 
Venus, t h e  v ~ l u e s  of  t h e  l a r g e s t  c o e f f i c i e n t s  are f o r  t h e  terms of argu- 

ments shown, and a r e  g iven i n  Tab le  12-1 f o r  t h e  two r e l e v a n t  v a l u e s  of  

t h e  mass. 

Tab le  12-1, P e r i o d s  and Magnitudes of  L a r g e s t  
P e r t u r b a t i o n s  i n  Longi tude of Venus 

Argument P e r i o d ,  y r  6  000 000 9 000 000 D i f f e r e n c e  

S i n c e  t h e  h e l i o c e n t r i c  l o n g i t u d e s  a s  pub l i shed  a r e  rounded o f f  

t o  0".1, such a  change of t h e  mass of Mercury could  a f f e c t  t h e  long i -  

tude  o.f Venus by a  ha l f - range  of a lmost  0".3. The g e o c e n t r i c  a n g u l a r  

c o o r d i n a t e s ,  however, a r e  g iven  t o  0 .01 of a  second of time (= OM.l5)  

f o r  t h e  R.A., and 0".1 f o r  t h e  D e c l i n a t i o n .  But t h e  a n g u l a r  d iamete r  

of Venus, a s  seen  from E a r t h ,  r anges  from about  10" t o  60", and,  a s  

e a r l i e r  n o t e d ,  measures of t h e  c e n t r a l  p o i n t  of t h e  whole d i s c  a r e  un- 

c e r t a i n  by about  21" i n  both  R .A.  and D e c l i n a t i o n .  The t h e o r e t i c a l  

changes i n  t h e  c o o r d i n a t e s  of Venus t h a t  would r e s u l t  from a r e d u c t i o n  

of  t h e  Mercury-mass by one- th i rd  may thus  be  beyond t h e  p o s s i b i l i t y  of 

o p t i c a l  d e t e c t i o n .  



For t h e  pe r tu rba t ions  by Mercury of t h e  h e l i o c e n t r i c  d i s t a n c e  r of 

Venus, t h e  t h r ee  terms of l a r g e s t  coeEf i c i en t s  have t h e  same pe r iods  a s  

f o r  t h e  longi tude ,  and t h e i r  va lues  f o r  t h e  two r e l evan t  masses are as 

given i n  Table  12-2. 

Table 12-2. Larges t  Pe r tu rba t ions  i n  He l iocen t r i c  Distance of Venus 

A r  gumen t A r A r 
-(6 r 000 000) $9 000 000) Reduction 6(Ar),  km 

The c o e f f i c i e n t s  of t h e  pe r iod i c  pe r tu rba t ions  Ar would be reduced 

by t h e  l i n e a r  amounts 6(Ar) shown i n  t h e  f i n a l  column, and a s  seen range 

from about 5 t o  15 km. A s  t h e  f i g u r e s  a r e  t h e  semiamplitudes, taken 

toge ther  t h e  terms could y i e l d  a  t o t a l  change of about 58 km. Such 

va lues  may w e l l  be  capable  of d e t e c t i o n  by means of radar-ranging over 

a  per iod of a  few years .  
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