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ABSTRACT

The reduction of data for satellites having a one-way Doppler system
should include the general relativistic terms. There is a general relativistic
correction term, which should be used in obtaining the velocity of a satellite
from the observed frequency, that is periodic and proportional to the eccen-
tricity., The effect should be observable for satellites with an eccentricity
greater than 0.05. We should also be able to measure the effect directly by
using single and double Doppler systems simultaneously from the same earth

location.

RESUME

L'analyse des données dans l: cas de satellites ayant un systéme
Doppler a sens unique devrait comprendre les tarmes geéneraux de relati-
vité. Il y a un terme general de correction, terme relativiste, qui
devrait étre employe pour obtenir la vitesse d'un satellite a partir
de la frequence observée, c'est a dire un terme périodique et propor-
tionnel a 1'excentricité. L'effet devrait étre observable pour des
satallites a excentricité plus grande que 0,05. Nous devrions aussi
pouvoir mesurer l'effet dirz:ctement en employant en meme temps des sys-

témes Doppler simples et doubles a un méme endroit sur la terre.
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KOHCIIEXT

Penykuus NAHHWX 1N CHYTHMKOB MMEWWVX ONHOCTOPOHHEE NOM-
NIEePOBCKOE YCTPOACTBO IONXHA BKAOYATH OCMHUE DEeNATUBUCTUYECKUE
uneHH. lMeercs ofuuit penATUBMCTHUUECKH KODPEKTHUPYOUMT umeH
KOTODHii HONXeH OHTb YNOTpeGnsAeM INA MONYUEHUH CKOPOCTH cnyr-
HUKa Ha OCHOBBHUM HAON0AaeMOii YacTOTH HABAAVMENCA NepuoImuecKoii
M MPONOPUMOHANBHOR 3IKCUEHTPUCUTETY. SIBIEHMEe NONXHO OHTh Ha6Jio—
naeMbM IJIA CIYTHUKOB C 3KCHEHTpUCHTeTOM npesnmawummu 0,05. kium
T&KX€e IOJIXHH MMEeTh BO3MOXHOCTb HENOCPEeNCTBEHHO M3MEPATh 3TO
fIBJIEHMEe ONHOBDPEMEHHO M3 ONHOW M TOHf Xe 3eMHON TOUKM ¢ TOMOmbI0
ONMHOYHHX M IBOHHHX INONMIEPOBCKUX CHCTEM.
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A MEASURABLE EFFECT OF GENERAL RELATIVITY IN
SATELLITE ORBITS

E. M. Gaposchkin and James P. Wright

There are some close earth satellites that carry RF transmitter instru-
mentation. By use of the Doppler effect, the radiation from this transmitter,
which is received at ground stations, is used to infer the line-of-sight velocity
component. The satellite navigation system known as TRANET and the series
of TRANET satellites use the Doppler system. These Doppler data have been
successfully used for almost a decade in orbit analysis, geodetic research,

and navigation.

The transmitting oscillators in the satellites seem to have a stability of
better than 1 part in 1010. This has been established by laboratory experi-
ments (Sykes, Smith, and Spencer, 1962) and by position analyses by
Newton (1966) and E. M. Gaposchkin (unpublished).

- Since the oscillators (which are clocks) will run at different rates
(Landau and Lifshitz, 1962; Clemence and Szebehely, 1967) in different
potential fields, the calculated Doppler velocity attributed to the satellite
will be different depending upon whether one uses Newtonian or relativistic
(Einsteinian) theory to reduce the data of the one-way Doppler satellites,
such as TRANET observations. But this effect will not be present for two-
way Doppler satellites such as the Goddard Range and Range Rate Doppler
satellites (Kruger, 1965). In fact, simultanebus one-way and two-way

Doppler data should differ by the relativistic effect.

This work was supported in part by grant NSR 09-015-018 {from the National
Aeronautics and Space Administration.




In the framework of Einstein's theory, the ratio of the observed frequency
(Vobs) to the standard frequency on the earth (vE) would be (for a symmetrical
earth)

where ME is the mass of the earth, VE the velocity of the earth's rotation

at the observer, T and Vs are the geocentric distance and total velocity

of the satellite, respectively, r is the distance from the observer to the satel-
lite, G is the gravitational constant, and c is the speed of light. This expres-
sion includes the special relativistic transverse Doppler effect. In practice,
the nonsphericity of the earth's potential is included in the reduction, and the

rate of the earth clock will depend on the potential at the station.

We may rewrite the above expression in terms of the orbital parameters

as

v

v -v 2GM_, e
obs E + E [ E 5 Cos f + const terms] =
obs Y obs a(l -eZ) c

Ol—

dr
dt

L

where the quantities a, e, and f are the semimajor axis, eccentricity, and
true anomaly of the orbit, respectively. In computing effects of this type,
these parameters must be calculated in the framework of a relativistic theory

or Newtonian theory although a, e, and f will be nearly the same numerically.

The resulting expression is separated into two parts. One is a constant
term that is indistinguishable from a zero set error in the oscillator frequency.
The second term is multiplied by the eccentricity and has a period of

1 revolution.




The amplitude of the periodic term for a typical geodetic satellite (Geos 1),
with a = 8.07 X lO6 m and e = 0.07, is = 2.5 cm sec-1 in velocity or a total
variation of 5 cm sec-l for one orbit. There will be post-Newtonian correc-
tions to the orbital parameters in the reduction of the orbit, but, since these
are essentially constant terms, we can calculate the periodic effect using
the Newtonian values of G, ME’ a, e, and c. It is much more difficult to

detect a constant effect than a periodic effect.

A stability of 1 part in 1010 in the oscillator is equivalent to 3 cm sec—l,
and there is abundant evidence that the Doppler data can be acquired to an
accuracy of 1 to 2 cm sec-l with a two-frequency system, which removes the
ionospheric effects (Willman and Tucker, 1968; Tucker and Fannin, 1968;

Berbert, 1967; Applied Physics Laboratory, 1968).

It is quite clear, then, that this periodic term should be included in the

reduction of the data.

With an improved capability in orbit calculation, it would be possible to
use this effect to establish the validity of relativity, if that is required. To
achieve this capability the gravity-field and atmospheric reductions and the
ionospheric and tropospheric effects will have to be improved, as well as

other effects that have the same spectral characteristics as the periodic term.

It seems, therefore, that we can make a positive statement on the
validity of the terms in the formulation of Einstein's theory that predict
the gravitational redshift. The calculations show that the residuals are
reduced consistently if the general relativistic effect is included; and, unless
there is an effect that gives errors in the Doppler velocity of the same
magnitude and direction, the calculations show that the relativistic effect is
real. At this stage we cannot choose between the various theories using the

effect, but it may be possible to do this in the near future (Dicke, 1967).
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