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EXPERIMENTAL TESTS OF GENERAL RELATIVITY IN RADIO ASTROVNOMY.'._ e
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General Rélativiﬁy Tﬁeory‘(GRTj is élgéémétrical theory of~gfavi—'
ﬁatidn. ‘Rather than dééériﬁe‘éravity as’a forcé‘acting on a»partiéie,
ih'GRj free'falling’particies are éimply in‘naturél métion ihbabéufved
Space;Ai;e., they move along geodeéiCS; It is ;he curvature“of space
}rathgrbthan a force which brings bodies together.

The distribﬁtion of'matter and énergy in the uhivefse determines
the curvature ofv4-dimeqsional space—time.' These quantitigs.ére reléted
byla set of\noﬁllinear différéﬁtiél eqﬁations cailed fhe Efnétein Fiéld
.Equatidns,

Ruv-l/z guV R = ‘TUV‘

where .. - Tuv = the stress energy tensor, which contains
terms proportional to the energy and momentum

densities and pressure in a region of space.

3 guv,= the metric tensor defined by

'dsz %‘guv dx"dx’, which relates proper distance,

ds_(a physical quantity), to coordinate distance

dx.

R = Rici tensor
uv

R = curvature scalar



-~ world line of a test particle, is

371,,.Thése_1aét two terms describe the curvature of space in terms of

“the fifst,and,second derivatives of gﬁv;' _

- The simplest was to solve  the field equétions,,i.e., find the

(l)”.éssume'a general form for the metri'c,'guv
'(2) take'derivati#es,of"g‘ ‘and find R__ and R
R - o E uv LT Tav
(3) from the field equations obtain coefficients of 8y
(4) find the geodesics in the resulting space by solving

the 'peodesic equation' using the now known 8y

o _ One of thé first and most useful solutions is the SchWarzschild
metric which exist for empty space outside a sphericaliy symmetric body.

It has the form

. as? = @ - 3-;—‘1) d:tz - Q- 2;’3)“1 ar? - ¥2 (a6’ ¢ sin?'. 6d¢2)v

"where m = E% ‘and M = the mass of the spherical body.

Note the singularity at r = 2m. This is the "black hole" from which
photons never emerge. For the earth r N 1 cm and for the sun r.~v 3 km.
In his original papér, Einstein proposed three test in which particle

motion in GRT differed from Newtonian theory; these are

| (a) the gfavipational redshift
(b) the advance of the perihelion of an orbiting body

(¢) ‘the deflection of photons.

The redshift is given by



- S 'i/zv'
_ 2m, "
f(@)/f(ro) =1 - -—ro) |

re

vwherevfo is the radius of a ﬁaSsive body and f(r) is the fréquency at a

§ given radius. For small shifts

R o |
CM/E(r) = T
_ o
This has been observed‘astfbnomically in the spectral shift of
lines from dense white dwarf stars, where'Af/f N2 ox lOﬁA.' In a much more
accurate laboratory eiperiment, a y-ray falling in the earth's gravity

field had a Af/f ~ 2 x ].0.-'15 which was measured with errors of less than

" 1%. Both tests agree with GRT.

The perihelion of an elliptical orbit will advance by

6 : . .. . :
w = ————-§*.-radians/revolutlon, where 'a = the semimajor axis and e = the

elligiic;t; gf theforbit. For Mercury, w = 43?03/century,which is the
largest forvany iajor planet. The measured perihelion advanée is‘about
5600" /century, hut all but 43"1 is explained by.general-percession of
the celestial coordinate system and 5y'berturbations due to the other
planets. This difference is explained by GRT.

‘GRT‘predicts that-photons will be deflected in a gravitational'
fieid by 6 =-%?; for the sun 8 = K/p where p = r/r(sun) and K = 1V75. This
has been measured several times during soiaf eclipses‘when stars‘néér |

the sun can be seen. However, it is a rather uncertain experiment with

the measured values for K running between 1V2 to greater than 2". The



T .f

'deflection.was also measured at redio frequencies by two"groups of radio'

.

4

astronomers at CalTech in October 1969. Both groups used interferometerS‘

one at the Owens Valley Radlo Observatory and  the other at. the JPL Goldstone‘

‘tTracking Station. They both followed the radio source 3C 279 as it was .

occulted by the sun and measured the phase change of the interferometer
\

: fringes as the sou:ce approaehed_the'solar,dlsk, Theelnterferometers used

" had the following parameters:

OVRO - JPL

: operatihg wavelength a 3 em 13 cm

_ basellne length (km) . | 1»km'j' _ 21 km-

| " " (wavelengths) S 3.4x104 - 1.6xl.0S
fringe spacing _‘ 6"1 : V2

- The relativistic deflection was accompanied by refraction in the

solar corona. From previous radio and optical measurements, the electron ‘

density in the corona is approximately given by

N~ 5x10 572 4+ 1.5x10%% 576 573

and from this the ray path is deflected by

-0 .~ 1.5x10-'2 A2 9-2 +'8.S Xz p~6 arc sec
ref - ‘ v .

.

vhere A is the wavelength in centimeters. At p = 4 and X = 3 cm, the

GRT bending is 045 and -6 ~ 0.01 + 0.02 = 0Y03. At 13 cm -6___ = 0V48
ref ‘ . , - ref

and for accurate results the values of the electron density parameters had -
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‘ ' Vto_be~¢a1cu1ated.from the interfeiometer data, relying on the different

dependence on p:of the GRT and corona bending to sépafate the two effects.

The JPL“grbupvhad the advantage of a smaller fringe spacing while thé

. OVRO group had a higher frequency where the effects of the solor ¢orona

‘were less severe. Both experiments yielded results with about 10% accuracy

withhk = 1.77 for OVRO and K = 1.82 for the JPL group.
The radio experiment was one of the most accurate measurements

of the photon deflection yet made, but it was still pbt good enough to

distinguish between GRT and an alternative gravitational: theory like that

of Brans and Dicke. For this)’ experimental accuracy of a few percent

. will be needed. Such accuracy may be obtained by using a‘VLB interferometer

to measure source positions near the sun and radio astronomers from MIT

and NASA started such a projeét in 1969 aﬁd may have results soon.
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