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ABSTRACT S o m e b a s i c c o n c e p t i o n s of re l a t i v i s t i c r e f e r e n c e s y s t e m s are given. 
The c o n v e n t i o n a l s o l a r - s y s t e m b a r y c e n t r i c r e f e r e n c e system ( B - s y s t e m ) a n d the 
c o n v e n t i o n a l g e o c e n t r i c r e f e r e n c e system (G-system) are d i s c u s s e d . It is 
su g g e s t e d that the ha r m o n i c c o n d i t i o n s be used in the d e f i n i t i o n of the 
B - s y s t e m and the G - s y s t e m be d e f i n e d by the B - s y s t e m and the c o o r d i n a t e 
t r a n s f o r m a t i o n g i v e n by eqs (3-2), (3-3) and (3-4). 

1. Introduction 

W i t h the i m p r o v e m e n t of ac c u r a c y of ob s e r v a t i o n a l data, the r e l a t i v i s t i c 
e f f e c t s have b e c o m e m o r e and m o r e important. Time and d i s t a n c e w i l l be no 
longer a b s o l u t e quantities, but d e p e n d on the a d o p t e d r e f e r e n c e system. Then, 
to c o n s t r u c t s e l f - c o n s i s t e n t and suitable r e f e r e n c e s y s t e m s w i t h i n the 
fr a m e w o r k of r e l a t i v i t y is one of m a i n research fields in m o d e r n c e l e s t i a l 
m e c h a n i c s and a s t r o m e t r y . Both of the s o l a r - s y s t e m b a r y c e n t r i c r e f e r e n c e 
s y s t e m (B-system) and the g e o c e n t r i c reference system (G-system) are the 
impor t a n t ones in s o l a r - s y s t e m c e l e s t i a l m e c h a n i c s and a s t r o m e t r y . T h e r e are a 
large n u m b e r of pa p e r s to deal w i t h them (cf. Fukushima, 1988; K o p e j k i n , 1988; 
B r u m b e r g , 1990; D a m o u r , 1 9 9 1 ) . But there still exist d i f f e r e n t o p i n i o n s on the 
c h o i c e of the B - s y s t e m and, especially, on that of the G - s y s t e m . In the XXIst 
G e n e r a l A s e m b l y of the Int e r n a t i o n a l A s t r o n o m i c a l Union, a set of 
r e c o m m e n d a t i o n s on r e l a t i v i s t i c reference systems w e r e given. B u t , w e believe, 
they are not s a t i s f y i n g and still have some drawbacks. 

The p r e s e n t paper deals w i t h the d e f i n i t i o n s of the r e f e r e n c e systems, 
e s p e c i a l l y w i t h that of the G - s y s t e m . S e c t i o n 2 gives some basic c o n c e p t i o n s 
of r e l a t i v i s t i c r e f e r e n c e systems. S e c t i o n 3 gives d i s c u s s i o n s on the 
co n v e n t i o n a l r e f e r e n c e systems. Some d r a w b a c k s of the IAU r e c o m m e n d a t i o n s 
are d i s c u s s e d and a w a y of c o n s t r u c t i n g the G - s y s t e m is p r e s e n t e d . Finally, a 
few s u g g e s t i o n s and c o n c l u s i o n s are given. 

In this paper, g r e e k indices are used to denote space or time 
c o m p o n e n t s of a tensor, w h i l e the indices taken from the s e c o n d part of latin 
a l p h a b e t (i, j,k, ...) to denote purely spatial c o m p o n e n t s . H o w e v e r , the indices 
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on a tensor w h i c h take from the first part of latin a l p h a b e t (a, b, c,...) do 
not r e p r e s e n t c o m p o n e n t s but are part of the n o t a t i o n for the tensor itself, 
m u c h like the a r r o w u s e d to denote a vector in or d i n a r y t h r e e - d i m e n s i o n a l 
space. 

2.Basic Conceptions of Reference Systems in GRT 

The g e n e r a l r e l a t i v i t y theory (GRT) a s s e r t s that s p a c e t i m e s t r u c t u r e and 
gr a v i t a t i o n are d e s c r i b e d by a spacetime (M, g a b ) . The e s s e n c e of it m a y be 
s u m m a r i z e d as follows; S p a c e t i m e is a f o u r - d i m e n s i o n a l m a n i f o l d M on w h i c h is 
de f i n e d a metric, g ^ , of L o r e n t z signature. The m e t r i c is r e l a t e d to the 
ma t t e r d i s t r i b u t i o n in spac e t i m e by E i n s t e i n ' s e q u a t i o n (Wald, 1984) ; 

w h e r e Rab is the R i c c i tensor, R the scalar curvature, Tab the s t r e s s - e n e r g y 
tensor, and Gab is ca l l e d the E i n s t e i n ' s tensor. If we cho o s e a c o o r d i n a t e 
system, the E i n e t e i n ' s e q u a t i o n (2-1) can be w r i t t e n in the form of c o o r d i n a t e 
b a s i s c o m p o n e n t s : 

and we w i l l have the c o r r e c t number of eq u a t i o n s (six i n d e p e n d e n t e q u a t i o n s of 
Ein s t e i n ' s e q u a t i o n plus four c o o r d i n a t e c o n d i t i o n s ) and u n k n o w n s ( ten 
c o m p o n e n t s of the m e t r i c ) to permit a good initial value f o r m u l a t i o n . 

It s h o u l d be note that for a given s p a c e t i m e the m e t r i c tensor is 
d e t e r m i n e d by the m a t t e r distr ibut ion, but the m e t r i c c o m p o n e n t s g μ. v are not 
unique. T h e y are d e p e n d e n t on the choice of the c o o r d i n a t e system. If there 
are two d i f f e r e n t c o o r d i n a t e systems { χ ^ > and { χ * > c o n s t r u c t e d in the 
same space time, there will be two different sets of m e t r i c c o m p o n e n t s 
gpt v and g μ. v c o r r e s p o n d i n g l y , 

βμ ν Qab> C -ν M- > -v ) > 

G a b = Rab 1 R gat>= 8 π T a b (2-1) 

Gm 8 * Τ μ ν (2-2) 

gn 

and they have the f o l l o w i n g relation: 
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That is to eay, g ^ v and g ^ v r epresent a same p h y s i c a l s o l u t i o n of 
E i n s t e in' s equat ion. 

A c o o r d i n a t e s y s t e m is u s u a l l y d e f i n e d by the c o o r d i n a t e c o n d i t i o n s , w h i c h 
are u s e d in s o l v i n g E i n s t e i n ' s equation, and their initial condi t ions, such as, 
the o r i g i n and the o r i e n t a t i o n of the c o o r d i n a t e b a s e s at some point of 
spacetime. In the theory one uses rather often the h a r m o n i c c o n d i t i o n s . It 
can not only s i m p l i f y s i g n i f i c a n t l y the E i n s t e i n ' s equation, but m a k e the 
c o o r d i n a t e s y s t e m α q u a s i - M i n k o w s k i " in the w e a k g r a v i t a i o n a l f i e l d ( cf. 
W i n b e r g , 1972; B r u m b e r g , 1990). The latter c h a r a c t e r m a y be b e n e f i c i a l to 
e l u c i d a t i n g the m e a n i n g of the relevant p h y s i c a l events. 

In p r i n c i p l e , any real c o o r d i n a t e system implies an i d e a l i z e d r e f e r e n c e 
s y s t e m since the m e t r i c c o m p o n e n t s in the c o o r d i n a t e s y s t e m are u n i q u e l y 
d e t e r m i n e d . But in order to m a k e it a v a i l a b l e a c o n v e n t i o n a l m e t r i c form m u s t 
be given, w h i c h is an a p p r o x i m a t e solution of E i n s t e i n ' s e q u a t i o n under the 
very c o o r d i n a t e c o n d i t i o n s . Obviously, in the case that a c o n v e n t i o n a l 
r e f e r e n c e s y s t e m is given, any other r e f e r e n c e system can be d e f i n e d by the 
c o o r d i n a t e t r a n s f o r m a t i o n b e t w e e n them. 

A n o t h e r i m p o r t a n t c o n c e p t i o n in the theory of r e f e r e n c e s y s t e m s is the 
local inertial r e f e r e n c e system. Since spacetime is locally flat, one can 
construct, for any point ( Ρ ), a local L o r e n z frame in the v i c i n i t y of the 
point, w h i c h satisfies: 

w h e r e η ^ v is the c o m p o n e n t s of M i n k o w s k i m e t r i c in C a r t e s i a n c o o r d i n a t e s 
( η μ ν = d i a g (-1, +1, +1, +1) ), Γ ί β is the C h r i s t o f f e l symbol. C o n d i t i o n 
(2-4) sets the c o o r d i n a t e bases rectangular each other. C o n d i t i o n ( 2-5) 
m a k e s the c o o r d i n a t e axes as straight as p o s s i b l e (generally, there d o e s n ' t 
exist such a c o o r d i n a t e system that m a k e s g „ β , ^ ν (Ρ) vanish.). 

For a f r e e l y - f a l l i n g observer, one can go further to c o n s t r u c t a c o m o v i n g 
local L o r e n t z frame or c a l l e d local inertial r e f e r e n c e system, w h i c h 
satisfies, b e s i d e s eqs (2-4) and (2-5), the f o l l o w i n g c o n d i t i o n s : 

g »x v (Ρ) = η n (2-4) 

gcx β , ν (Ρ) = 0 or Γ « ρ (Ρ) = 0 , (2-5) 

e a
( o ) = Ua ( 2 - 6 ) 

V u a — 0 (2-7) 

w h e r e U a is th 4 - v e l o c i t y of the observer, e a
( o t ) are the c o o r d i n a t e b a s e s 

at the observer. C o n d i t i o n (2-6) g u a r a n t e e s the observer is at rest w i t h 
r e s p e c t to the very r e f e r e n c e system, and c o n d i t i o n (2-7) does the spatial 
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b a s e s show no r o t a t i o n in the sense of dynamics. In a b a c k g r o u n d r e f e r e n c e 
s y s t e m d e n o t e d by { χ ~ } , the co o r d i n a t e s of the o b s e r v e r - c o m o v i n g local 
inertial r e f e r e n c e system d e n o t e d by { I ~ > can be e x p r e s s e d with: 

l ° ( x " ) = C τ (2-8) 

£ 1 ( X ~ ) = [ χ " - X o " ( τ ) ] e ( i ) μ + - j r î v ( x 0 e ) e ( i ) x 

[ τ» - Χ ο Μ τ ) ] C x ν - Χ ο ν ( τ ) ] + - (2-9) 
or 

x ~ = χ 0 ~ ( Ό + ί l e ~ ( i ) i r ϊ ν ( x 0
ß ) e ^ ( i ) e v

( j ) I 1 I J + - (2-10) 

w h e r e τ is the prope r time of the observer, and x 0 ~ ( τ ) its p o s i t i o n . It 
shou l d be note that the local inertial r e f e r e n c e system is not u n i q u e l y 
d e t e r m i n e d for a given observer. B e s i d e s the orientation, the spatial 
c o o r d i n a t e s ( ί *) m a y be de f i n e d d i f f e r e n t l y by the third order terms of 
( χ β - Xo~ ( τ ) ) . 

3.The Conventional Geocentric Reference System 

In the p r a c t i c e of a s t r o n o m y d i f f e r e n t r e f e r e n c e s y s t e m s are needed. We 
de s c r i b e the m o t i o n s of pl a n e t s in a solar b a r y c e n t r i c r e f e r e n c e system, the 
m o t i o n s of E a r t h s a t e l l i t e s in a geo c e n t r i c r e f e r e n c e system, and m a k e 
o b s e r v a t i o n s in a to p o c e n t r i c reference system, etc.. N o m a t t e r w h a t k i n d of 
re f e r e n c e s y s t e m is used, it m u s t be s e l f - c o n s i s t e n t . I n a r e f e r e n c e system, the 
m e t r i c c o m p o n e n t s s h o u l d satisfy E i n s t e i n ' s e q u i t i o n and be c o n s i s t e n t w i t h 
the a d o p t e d c o o r d i n a t e system. For any two d i f f e r e n t r e f e r e n c e systems, the 
tr a n s f o r m a t i o n of c o o r d i n a t e s and/or the m e t r i c c o m p o n e n t s s h o u l d s a t i s f y the 
e q u a t i o n (2-3). 

At the X X I s t G e n e r a l A s s e m b l y held in B u e n o s Aries, the I n t e r n a t i o n a l 
A s t r o n o m i c a l U n i o n p a s s e d a set of r e c o m m e n d a t i o n s on r e f e r e n c e s y s t e m s 
w i t h i n the f r a m e w o r k of general relativity. But, we believe, they still have 
some d r a w b a c k s . T he first r e m a r k is that the m e t r i c form given by 
R e c o m e n d a t i o n I (Ree.I) is not sufficient p r e c i s i o n for m o d e r n c e l e s t i a l 
m e c h a n i c s u s i n g the p o s t - N e w t o n i a n e q u a t i o n s of m o t i o n of the solar system 
b o d i e s (Brumberg, 1990). In order to give e q u a t i o n s of m o t i o n of p a r t i c l e s in 
the p o s t - N e w t o n i a n a p p r o x i m a t i o n (PNA), one m u s t take a c c o u n t of higher order 
m e t r i c terms, i.e. c " 3 terms in g o i and c " 4 terms in g 0 0 . 

The s e c o n d remark, to be m o r e important, is that the c o n v e n t i o n a l r e f e r e n c e 
s y s t e m s are lack of clear c o n c e p t u a l definitions, the r e c o m m e n d a t i o n s have 
given only the a p p r o x i m a t e m e t r i c form of s p a c e t i m e (Ree. I) and the c o o r d i n a t e 
initial c o n d i t i o n s (Ree.II for the spatial c o o r d i n a t e s and Ree. III for the 
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time c o o r d i n a t e s ) , but not the c o o r d i n a t e c o n d i t i o n s used in the s o l u t i o n of 
E i n s t e n ' s equation. Then, one do not know how to add the higher order terms to 
the m e t r i c form w h e n m o r e a c c u r a t e spacetime m e t r i c is needed. 

By the way, in Ree.II, the spatial c o o r d i n a t e grids of the B - s y s t e m and the 
G - s y s t e m are d e m a n d e d to show no global r o t a t i o n w i t h respect to a set of 
d i s t a n t e x t r a g a l a c t i c objects. The w o r d s seems not to be m u c h scientific. 
In the c u r v e d spacetime, the v e c t o r s located at d i f f e r e n t p o i n t s can not be 
c o m p a r e d d i r e c t l y . If the solar system is r e c o g n i z e d as a i s o l a t e d system, 
w h i c h is not v a l i d only for the range far from it, the s p a c e t i m e w i l l be flat 
at infinity, and h e n c e we can define the spatial axes of the B - s y s t e m show no 
r o t a t i o n w i t h r e s p e c t to the e x t r a g a l a c t i c o b j e c t s at infinity. But it is not 
a l l o w e d for us to do so for the G-system. What we can do in the similar 
m e a n i n g is only to define the spatial c o o r d i n a t e b a s e s show no r o t a t i o n in 
some sense w i t h respect to those of the B - s y s t e m at the g e o c e n t e r . However, 
this c o n d i t i o n is o b v i o u s l y d e p e n d e n t on the d e f i n i t i o n of the B - s y s t e m . 

B a s e d on the above discussions, we suggest that the h a r m o n i c c o o r d i n a t e 
c o n d i t i o n s be a d d e d to the d e f i n i t i o n of the B - s y s t e m and the m e t r i c form of 
it be g i v e n in P N A under the very conditions. 

As for the c o n v e n t i o n a l G-system, there are three m a j o r c h o i c e s at present; 
1) the g e o c e n t r i c F e r m i c o o r d i n a t e system, w h i c h is p r o p o s e d by B e r t t o t i in 

1954 and r e c e n t l y d e v e l o p e d and improved by A s h b y and B e r t t o t i (1986), 
B o u c h e r (1986), Fuj imoto and G r a f e r e n d (1986), and F u k u s h ima (1986, 1988) ; 

2) the g e o c e n t r i c h a r m o n i c c o o r d i n a t e system d e v e l o p e d by B r u m b e r g and 
K o p e j k i n (Kopejkin, 1988; B r o m b e r g and Kopejkin, 1989; Brumberg, 1990) ; 

3) the g e o c e n t r i c c o n f o r m a l l y - C a r t e s i a n c o o r d i n a t e s y s t e m g i v e n by Damour, 
S o f f e l and Xu (1990, 1991). 
We have p r o v e d that the g e o c e n t r i c Fermi c o o r d i n a t e s y s t e m and the 

g e o c e n t r i c h a r m o n i c c o o r d i n a t e system are d i f f e r e n t in theory, but their 
d i f f e r e n c e is so small that it can be n e g l e c t e d c o m p l e t e l y in p r a c t i c e ( Han, 
et a l . , 1 9 9 1 ) . The third one is d e f i n e d only in P N A and p e r m i t t e d a r b i t r a r y 
c h o i c e of a t i m e - d e p e n d e n t r o t a t i o n matrix. Actually, the first and the s e c o n d 
ones can be i n c l u d e d in the third. As a m a t t e r of fact, the time c o o r d i n a t e s 
can be r e c o g n i z e d as the same for the three c o o r d i n a t e systems, i.e. all the 
time axes are the w o r l d line of the geocenter, and the spatial c o o r d i n a t e s 
are d i f f e r e n t only by terms of | x^Xe1 | 3 / c 2 if the third one is d e m a n d e d 
to show no r o t a t i o n dynamically, w h e r e x 1 and x E

4 are the spatial c o o r d i n a t e s 
of the event to be c o n s i d e r e d and the geocenter in the B - s y s t e m r e s p e c t i v e l y . 

T h e r e f o r e , w e suggest that the c o n v e n t i o n a l G - s y s t e m be d e f i n e d by a fixed 
c o o r d i n a t e t r a n s f o r m a t i o n b e t w e e n the G - s y s t e m and the B - s y s t e m w h i c h 
c o n t a i n s no t h i r d or higher order terms of (x1 - χ Ε * ) . Indeed, we don't think it 
has any m o r e e v i d e n t a d v a n t a g e s to consider the third or higher order terms 
in the t r a n s f o r m a t i o n used to define the G - s y s t e m . In addition, c o n s i d e r i n g 
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the a s t r o m e t r i c a p p l i c a t i o n s , we thin k it is m o r e c o n v e n i e n t to cast a w a y the 
small r o t a t i o n w h o s e m a i n term is the g e o d e s i c p r e c e s s i o n . 

If the h a r m o n i c c o n d i t i o n s are u s e d in the B - s y s t e m , the c o m p o n e n t s of the 
m e t r i c m a y be r e p r e s e n t e d in P N A by the f o l l o w i n g formfcf. B r u m b e r g , 1990) : 

g o o = - l + 2 < p / c 2 + 2t|>/c4 η 
go ι — - 4 U l / c 3 (3-1) 
g i j = δ υ (1 + 2 φ / c 2 ) J 

w h e r e φ is the N e w t o n i a n scalar p o t e n t i a l , Ψ the n o n l i n e a r p a r t of the 
scal a r p o t e n t i a l and U 1 the v e c t o r i a l p o t e n t i a l . 

In the c a s e that the m e t r i c c o m p o n e n t s of the B - s y s t e m take the f o r m of 
eq. (3-1), the c o n v e n t i o n a l G - s y s t e m can be d e f i n e d by the c o o r d i n a t e 
t r a n s f o r m a t i o n as f o l l o w s (Han et al., 1991) : 

x i = x E
l + ί [ (δ υ Φ Μ χ Ε ) - V . ' V ) ί J + 

+ I H k ] /c 2 , (3-2) 

TCB = t E + l l V E V c2 + { [ ( 3 φ Μ χ ε ) _ 4U*1 (xE) ] I 1 

+ [ V E
1 Φ j (xe) — 2 U * j (xE) — 2 ^ ι j c Φ ο (xe) } 4 l l J > / c 4 , (3-3) 

and 

t E = TCG Η—^2- \ \ q [ φ Μ χ ε ) + - ^ Ε
2 ] d i ]O [ - § Φ * 2 ( χ ε ) 

- I — I φ * (xE) V E
2 - I — ^ V E

4 + ΨΜχε) - 4 υ · Μ χ Ε ) ν Ε
ι ] d τ + - (3-4) 

w h e r e (t or TCB, x 1 ) a n d ( t or TCG, I 1 ) are the c o o r d i n a t e s of an ev e n t in the 
B - s y s t e m a n d in the G - s y s t e m r e s p e c t i v e l y , χ Ε * and ν Ε * are the p o s i t i o n and 
the v e l o c i t y of the g e o c e n t e r r e s p e c t i v e l y at the m o m e n t tE, τ 0 is the m o m e n t 
at w h i c h T C B a n d T C G is d e f i n e d to be e q u i v a l e n t at the g e o c e n t e r , a n d the 
index star d e n o t e s that the m a s s of the E a r t h is take n to be zero in the 
c o r r e s p o n d i n g terms. 

T h e m e t r i c c o m p o n e n t s in the g i v e n c o o r d i n a t e s y s t e m can be o b t a i n e d from 
the B - s y s t e m or any other g e o c e n t r i c r e f e r e n c e system, such as the g e o c e n t r i c 
h a r m o n i c c o o r d i n a t e system, by u s i n g the r e l a t i o n eq. (2-3). At p r e s e n t the 
m e t r i c c o m p o n e n t s of the * k i n e m a t i c a l l y n o n - r o t a t i n g g e o c e n t r i c r e f e r e n c e 
s y s t e m " (KGRS) n a m e d by B r u m b e r g (1990) can be u s e d (Huang, et al., 1990). 
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4. Conclusions 

B a s e d on the above discussions, we suggest that the h a r m o n i c c o n d i t i o n s be 
used in the d e f i n i t i o n of the B-system, and the G - s y s t e m be d e f i n e d by the 
B - s y s t e m and the c o o r d i n a t e t r a n s f o r m a t i o n given by eqs (3-2), (3-3) and (3-4). 

T h e c o n v e n t i o n a l G - s y s t e m d e f i n e d in this w a y has the f o l l o w i n g 
a d v a n t a g e s : 

1) no a m b i g u i t i e s in the definition; 
2) a fix e d c o o r d i n a t e t r a n s f o r m a t i o n b e t w e e n the B - s y s t e m and the G - s y s t e m ; 
3) the s p a t i a l c o o r d i n a t e bases show no r o t a t i o n w i t h r e s p e c t to those of 

the B - s y s t e m at the geocenter, w h i c h is a d v a n t a g e o u s in a s t r o m e t r i c 
a p p l i c a t i o n s ; and 

4) the m o s t i m p o r t a n t is that it is dif f e r e n t from a local inertial 
r e f e r e n c e s y s t e m at the geocenter, in PNA, only by a small spatial r o t a t i o n 
w h o s e m a i n term is the g e o d e t i c precession. W h i l e a local inertial r e f e r e n c e 
s y s t e m has m a n y a d v a n t a g e s in dynamics, for instance, the p o t e n t i a l of ex t e r n a l 
b o d i e s m a n i f e s t s itself only by tidal terms w h i c h v a n i s h at the space origin. 
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