General Relativity

Einstein suggested several experiments :

0| The deflection of the light by the sun

@ The perihelion advance of Mercury

0| The gravitational red shitt ot spectral lines

@ The time delay of an electromagnetic wave travelling in
a gravitational field
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The deflection of the light by the sun
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The deflection of the light by the sun.
Theoretical predictions

1.5

N g In 1920 they did not know whether the
1 a photons had a mass or not.
i Thus one can use Newton gravitation to
o] i compute the deflections.
18 R , _ : A
A5 ws o es 1 is Fquation of the trajectory = 1 + e cos(yp)

e > 1 hyperbole.

2I'2E 1 212
fith e=4/1 = A= and '=mvd
W e \/ T m3G2M?2  cos(a) m2GM e

Here E = fmuv?, d = distance of the focus from the asymptote, v = initial velocity.
5 : ymp : \

The deflection angle d®y = m — 2a so if v = ¢ and d = distance of the light rays from the sun
center :

GM
c2d

0by =2




The deflection of the light by the sun.
Theoretical predictions

. GM
From Newton gravitation 0Py =2—
c4d
‘ GM
From General Relativity dbp = (1 + A,,) 9 ¥
c

where v = 1 for General Relativity

M=solar mass =2 103%kg , G=6.7 10-"l m? Kg-! s,
d=ds= radius of the sun= 7 108 m, dTS= Earth sun distance = 1.5 10! m

ds
— -6 — 29 — -3 — p— )
6(|)R 2.13 10 1.75 4TS 4.7 10 16°=962

Expected detlection Sun radius seen by the earth




The deflection of the light by the sun

Measure during the eclipse

Eddington (1919) v=1 +- 0.3

IX. A Determination of the Deflection of Light by the Sun's Gravitationul Frield,
Jrom Observations made at the Total Eclipse of May 29, 1919,

By Sir F. W. Dvson, F.R.S., dstronomer Royal, Prof. A. S. EpDINGTON, FRS,
and Mr. C., DAVIDSON.

Campbell and Trumpler (1922) v=1+-0.3

Jones (1971) v=1+- 0.1

Radio waves -Very Large Base Interferometer (VLBI)

Fomalont & Sramek (1975) v=1+-0.01
Robertson (1991) B
Shapiro (1995) y=1+-0.001




Eclipse method

This method consits in comparing by accurate measures

a photograph of the stars surrounding the eclipsed sun
with a photograph of the same stars taken either at night or
in another time of the year when the sun is in another part
of the sky.

Problems:

* Distorsion of the reprodution of the star field by the optical
instruments. (temperature change during the eclipse)

* Disturbing effect of the uneven illumination of the background

» Abnormal refraction of the earth and solar atmosphere

 Correction of stellar aberrations (20”)

Campbell and Trumpler (1922)




Position at the eclipse

Si1x months later




Eddington 1919

[ Gravitational displacement.

Co-ordinates.
Xo. Nammes. Photog. | | Unit = 50" Sobral. Principe.
: Mag. ~ — —
L. Y . Y. . Y.
‘ m. . ,' ”v " ) !I /4 |
1 B.D., 21° 641 .. . 7-0 | -+0-026 | —0-200 —1-314 +0-20 | —1-04 +0 09|
2 Piazzi, IV, 82 . . 5:8 | -+1-079 | —0-328 | ~+0-85 | —0-09 +1:02 { —0-16"
3 k2 Tauri- . L - b5 | 40348 | 4-0-380 —0-12 | --0-87 | —0-28 | 4-0-81
4| ] K Tawm .. . 4.5 | 4-0-334 | --0-472 | —0-10 | 40-73 | —0:21 | 40-70
B | | Pilazzi, IV, 61 . . 6:0 | —0-160 | —1-107 | —0-31 | —O- 43 1 —0:31 | —0-38
6 |'{vTauri . . . 45 | 40-587 | 4+1-099 | +0-04 | +4-0- 40| 4-0:01 | +0-41"
7 || B.D, 20° T41 . 70 | —0:707-| ~0:864 | —O- 38 | —0-20 | —0-36 | —0-17"
| . 8|1BD.,20°,740 . . . 7-0 | —0-727 | —1:040 | —0-33- —Q-22 —0:29 | —0-20
9| _Pl&ZZl IV b3 . . . 70 | —0-483 —1-308 | —0-26 | —0-80 | —0:26 | —0- 27|
10 || 72 Tauri . e 5+ | 40:860 ~+1-321 | +0-09 | -40-32 ~+0:07 | 4+0:34
11 | | 66 Tauri . 55 | —1261 | —0.160 | —0.32 | 4002 | —0-30 | +0.01
12 [ | B8 Tauri , . . . Bp | ~1-811 | —0-918 | —0-28 - —0:10 | —0-26 { —0-09-|
13 1 BD 22° 688 - 80 +0 089 +‘1-007 "eO‘*17: 4040 | —0+14 | 4039 |

-k ¢ Monthly Notlces, R.A. S LXXVII P 445.» |




Star position
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Star position shift
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Star position shift
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Star position (excluded stars)
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Vrem. Roy, Astron. Soc., vol. LXII. (Appendix), Plate T,

Eddington plate I ‘




Tables of deflections

Tapre II.—Eclipse Plates—Seale. =

(= -]

L IL 111, v. V. VIL VL. =

No. of - LN =
Star . i E
' Iin Dy, Dz, Dhy. Dz, Dy | D Dy, D Dy. D Dy, Dix. Iy, =
r r ¥ r T r ¥ r r ¥ r ! r T T =

11 —1-411 |—0-B54 |—1-418 |—1-324 |-}-0-593 |40-956 |O0-0563 |4-1-258 40406 |+0-0TD |—1-458 ]+D‘DB4 —~1-885 (—1-198 =
[ 1 [—0-3%3 [ —1-29] |—1-319 |4-0-T66 |4-0-343 |40-843 [3-1-226 |-0-468 |<-0-361 |<L-26T7 40777 |=1-162 -1 352 [
4 —1-%16 [+0-114 |—1-064 |—0 944 [40-978 [£1-172 [+0-849 |4-1-524 40721 (41-167 |—1-028 |41-148 |—0-927 |—0-930 =
3 |—1-237 |4-0-150 |—1-07% |—0-862 |40-968 |£-1-344 |{-0-B61 |4+1-567 [+0-733 [+1-93¢ |—1-010 [4+1-186 [—0-897 |—0-BH =
L] —1-34% |4-0-124 | —1-002 (—0-932 |4-1-062 |+-1-157 |+0-894 |41-604 |+-0-T96 (41-150 |—0-BES 1126 =858 | —0- 437 e
10 —1-%9% [40-905 |—0-999 |—0-943 |}-1-157 [+1-911 |4-0-834 |4-1-522 (4-0:B64 |+1-11% |—00B20 | 41072 |—0-768 |—0-564 =
3 — 0 TG (400100 |—0-733 [—1-009 [4-1-966 |40-9%4 (41177 |41 -374 |--0-006 |40-985 |—0-T65 |4-0-893 |—0-685 |—1-166 5
1 GO0 B0 | —1- 800 | —1-3%4 |4-0-500 [4-0-845 (40-500 |-1-286 |4-0-400 |4-0-35] |—1-5M [-40-777 |—1-300 —1.523 E

=

=

Companisod Plates—2cala, 5

14z, 14as. 15, 16, 17, 17, 16, g

Ho. of _ ] : - i =2
Iz, Ivy D= Dy, D, Dy, Dz Dy. D, Dy. D vy D, Thy. =

— - o

r L4 T r Ed T r T r L g ¥ L r T E

11 —0-478 |—0-109 {4-0-967 |41-170 [41-008 |4+ 1-298 [£0-T25 |40-830 (—1-078 |—1-550 |+1-242 |—0-302 [—1-188 |—1-572 =
1] —0-544 | —0-904 (10013 (41102 |4-0-859 | 1233 |<h0-682 [0 836 [—1-072 —1-0TH (41161 |—0-228 | <1185 |—1-432 -

4 0368 | —0-186 |4-1-080 [+1-249 |1-133 |1-086 |+0-T2S [40-854 (—1-206 |=1-051 |41 368 (—0-231 —1-164 |—1-404 E

a — 0380 | =0-0T3 {4-1-044 [$1-505 [4-1-164 |+1-114 |<-0-752 i4-0-803 (—1.278 —1-014 |4+1-343 | —0-26]1 —1:178 |—1-394 =

[ —0-317 | —0-144 |[40-880 [41-319 |F1-044 |£1.018 |4+0-T14 |4-0-224 [—1-378 |—1-058 |+1-383 | —0-380 —1-185 §—1-473 g
10 00272 | —0-146 |4-0-997 [+1-32T |41-248 (40960 |4+0-T52 |4-0-Bd1 | —1-454 |—1-036 |-+1-370 {—0-423 | —1-164 |—1-476 [
3 —0-356 |—0-182 [4-1-108 (+1-289 (-0-56% |+1-068 |++0-734 |+0-041 |—1-236 |—0-909 |+1-278 |—0-328 |—1-164 |—1-335 é
—0- 5H2% —0-206 h+<3a-mw 1170 -850 [4-0-060 |0-650 |4-0-B24 | —1-4%4 {—1-330 [4-1-161 {—0-423 |—1-195 |—1-672 E

* The numbers —1-800, —0-564, &e., given below the line, were taken out £o make the values of DZ, D small and nositive for arithmetical =
e

SOT VTR,

The units here are 1n the division of the micrometric screw: 1 div =6.25"




Star shift
Campbell and Trumpler (1922)

They consider 99 stars

This allows them to
check the 1/r law

Rasvrrs
The residuals, after application of these plate cor-
rections, represent the observed star displacements
due to light deflection. We shall eall them the relative
displacements, because they are derived by comparing
the stars nesr the Sun with the reference stars of the
outer portions of the plate, and the plate constsnts

are 50 determined &s to meke the average displace-
ments of the reference stors sero, To convert the
relative values into absolute ones sn additional seals
correction is needed.

In forming the means of the resalts of both
observers for each plate the weight of any measure
made only by one ohserver (plate AB17) was reduced
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Fig. 1. Star chart of the tetal solor eelipoe of Sept. 21, 1922, cortaining the 02 stars petoally measured.  The observed
rciative Qisplocements nre markad by a full Eine for weights 20 to 3.9, by a detted line for weights 1.0 1o 2.0, doplacumnts
of amalles waight are amitted. The docted elrele is of 2 ralius and gives the luner Hmit of tae refervzce stars, for which

the average dlrplocement bax boen made sere. The ovtlioe of the

fuintest tenses of eccoral light is dromm in. The Border lise represents the edpe of the plate.
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Data analvsis

Only 7 of the 13 stars are useful
Least square method

AZU,L'J' — CLj XLy —|— bjyi —|— Cj —I— Oéan;Z-

Ay s =d; z; + ejy; + [ + o By, Eddington (1919)

j is the plate index and ¢ the star index. « is the deflection at 50’

Ey, and E., are the computed deflections for the considered stars
normalized to the deflections at 50" from the sun.

You may further assume that when there is no deflection the A are
pure rotations and shift thus: a = e and d = —b.

Using the data of the 8 plates during the eclipse and the 8 plates
without sun he may compute o




Computed values of o

Right Ascension. Declination.
Eelipse — Scale. Comparison — Scale. : Eclipse-—«- Scale, Comparison — Scale.
r 7 r r
-+0-098 -+0-042 +0-126 +0-044
~+0-126 +0-024 +0-139 -+0-007
—+0-107 —0-015 +0-114 +-0-021
~+-0-148 --0-018 +-0-111 +0-010
0140 +0-020 +-0-137 ~+-0-040
+0-073 4-0-005 0139 +0-060
-+0+14b +0-008 +0-136 --0-036
Mean --0+120 -+0-015 +0-129 +0-031

ar = 0.105div and

Adecl — 0.098div

mean value a = 0.1div = 0.625".




Computed values of o

a = 0.625"
T his corresponds to a distance of the light rays
from the sun of d = 50’
he sun radius was during the eclipse Rs = 15.8/|
hus the defelction for d ~ Rs is : 1.98"

which gives v ~ 1.26




UNIVERSITY OF CALIFORNIA PUBLICATIONS

ASTRONOMY

LICK OBSERVATORY BULLETIN

NUMBER 346

OBSERVATIONS ON THE DEFLECTION OF LIGHT IN PASSING THROUGH
THE SUN'S GRAVITATIONAL FIELD

MADE DURING THE TOTAL SOLAR ECLIPSE OF SEPT. 21,

The vlservutiunx fursalzys the subject of this paper
represent a part of the program of the W= H.
Crocker Eclipse Expedition to Wallal, Western Aus-
tralia, of which Mr. Campbell hes given a detailed
report in another publication.® That report also con-
tains a full aceount of the previons offorta made to
determine the light deflection by the Sun's gravita.
tionsl fold during totsal solar eclipses, and of 12
results obtaimed.

Sines the British expeditions of 1919 published
thelr measares® on this subject, several physeists and
satromomers have pointed out various somrces of error
that might enter into this problem, which eonsists [n
eomparing by aceurate measures a photograph of the
stars surrounding the edipaed Sun with & photograpk
of the sume stars takea at night several moaths before
or after the eelipas, when the Sun is in another part
of the sky and has no distarhing inflaenee on the
apparent positions of these stars. The most fmpociant
of these sourecs of error are:

1. Distortion in the reproduction of the star ficld
by the optical parts of the instruments, In view of
the differentinl character of the measures such dis-
tortions are only to be fearal in eass they are diffecont
for the eelipse photographs and the night comparison
plates.  This is most likely to occur if the optical
parts of the nstrument contaln mirrors. The experi.
ence of the British expedition to Soberal in 1010 has
shown anch mirrors to ba easily deformed in eonse-
guence of the inevitable temperature changes during
2 total eelipes,

LPDL A 8 P, 12, 1951

2. W. Dysen, A. 8. Radiagtos, €. Davideoz: & Deferming.
fion af the Defection of F Dy the Sea's Graritatismal

Field, fran fices made st the Total Selsr Edipee of
May 29, 1319, Mem. XK. 4. &. 62, Lppendiz, 1020,

FOLUME XT

1622

2, Diaurbing wifevt of the useven illumination of
the background? the intensity of which is graduslly
diminishing with incressing distances from the Sun
There may be a physiological affect in bisecting & star
image seen on such a background, but there may also
be & real shifting of the cester of 8 star's imsage if this
is photographed on 2 background of uneven inteasity.
In view of the gentle gradation, hardly noticeabls in
the fleld of the measuring mieroscope, this effeet ean
be but small and may be negligible,

3. Systematie distertion of the photographie £lm
during the proeest of dryving! According to Ross
the blackened part of the plste corresponding to the
corona should dry the more rapidly, and we shonkl
axpect contesetion of the &lm towand the inner corona,
Suach distortion is favored by the high temperatures
enoonntersd by expaditions to tropical countries; it
should have the tendency to make the messured light
deflectiona too amall,

4. Abnormal refroetion in the Earth's stmosphere
socompanying the changes of temperature produced
by the passing of the Moon's shadow.?®

It has been stated, also, that other causes than the
Sun’s gravitstional field may be responsible for all
or a part of the observed lizht deflections, As smeh
#hoald be mentioned:

5, Refraction In an extended solar stmosphere.’
K. F. Balllinger: Die ssfronsmiichen Prifungend,
Reiten der Belaioidfiatboorie, Jaledvoh fir Badicalbs ndtad ud

Eleldronik, l‘f. MO aed 152, 1029,

M. Welf: 4. ¥, 212, 181, 1390,

‘P, Mo !-uv Cour.ul-u ead Diatortion on Fhato-
g;a,\a'e Plates. Ap. 7., 62, 18; Eilberstein: M. N, B), (),

A, Andoresn: Netare, 104, 334, 372, 335, 436, 463, ),

. 191820,

*H. P. Newall: X. ¥, B0, 22, 1019; I'MOM'\M&.
423, 1919; 45, 143, 1920, W, Andecson d. « 34, 23], 18




Star deflection
Campbell and Trumpler (1922)

They use a different strategy

They compute the residuals
once the rotation and shifts
have been subtracted from the
values of A

The sgreement with the prediction ks again very
satisfactory, only one of the seven results differing
from it by more than its probable error. The plate
means were formed by giving equal weight to both
observers, The means for esch obesrver are based on
the weights of the separate least squares solutions.
Wken taking the mean of the four plates, the first
three plates received weight 1, the last plate, meas-
ured only one, weight 0.9 (see page 48),

For every plate the messures of the two observess
were reduead independently, even ns to the weighting
of the stars according to the estimates of each observer,
and a3 to all the plate constants determined from the
messures, No measures cnoe entered in the ohsarving
book were rejected during the reduetions, except when
a remark suggesting that this be done had been made
during the measures (two csses), or if the star image

Seplavemant

on one of the plates was within 10 mm. from its edge,
and further in two cases of measures of very faint
and uncertain images, giving residuals exceeding 175,
The star field was further divided Into four
quadrants so situated that the Sun’s equator passed
through the middle of two of the quadrants and the
Sun’s axis of rotation throngh the middle of the other
two. For the stars of each quadrant s sepsrate least
squares solution with the formuls of page 51 was
made, using the mean radisl displacsments D, of
Tase 11
No. of Light deflsstisn at
Quadrant »an Sun's o b
Prooncding Sun's equoter 2 17604728
Following Sun’s equates 2 1684 25
At Sma’s North pods 1% 1.764 .26
At Bea’s Bouth gole 21 1.734.24
Mean of eguatorial quadrants & 17624715
Mz of palar quademnts m 1ML 18
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Fig, 2. Obeerved radinl displicerzezts sx a feaction of the star's angular distases from tho Sun's ceater, Large dots
represent stars with weights 2.0 te 3.9, emall dots these with weights 10 te 20; stars of smaller weight are caittel. The
brokes e ceaneets the groap means of the observed radial displirements, tho neterieks mark 1he groep meses of U olesr-
‘alizas eoerected on the basis of the residuale of the ehook stars. The dotted curve gives tho values predieted by Elastein's
theory, If the displacements aro meseared vortioally from base lize B 3oy sre abeolute, if measured from bose line A

1hey are relstive to the redoronce stars (08 actoally measured).
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Conclusions on eclipse experiments

The results of these experiments in 1920-1930 can be
summarized:

* The Newton gravitation 1s excluded. It 1s clearly outside
the error bars.

* It 1s difficult to say that General Relativity is the only
possible theory with an error of 30%

The results of the measurements in 1971 were better than these
of about 10% of error bars. However another technique appeared




Radio waves technique and
the Very Large Base Interferometer (VLBI)

* Principle of the measurement

* Corrections for the sun and earth 1onospheres

e Results




*----— MOTION OF SOURCE DUE
TO EARTH ROTATION

Principle of VLBI
BASELINE '
B_ | In the correlator the signals
CORRELATOR - are added and the intensity
l measured |
Sc

AANTAT AL
O

RESPONSE




Principle of VLBI

D = Bsin(60)

dephasing 6¢ = 252 = QWBf\m(Q)

Sp = S% -+ S% -+ 2 S1 82 COS(QWB iin(H))







Principle of VLBI

D = Bsin(60)

2rD _ 2mBsin(6)

dephasing d¢p = =5 )

2w B sin(0
Sozs%—l—s%—I—Q s1 so cos(ZX 3 ( ))
VLBI data
B = 20km
f=1010H2 , =2 10"2m

declared sensitivity 0.01 fringes which means for 0 ~ 45

80,,in, = 10~8rad = 2.2 10~ 3" arc




-~—— SUull

Three stars have been chosen.
They are almost collinear and separated by almost 10°

The A source (0116+08) is covered by the sun the 11 april 1976
In contrast to eclipse method this experiment can be repeated

The measuring sequence 1s : CABAC

———

Two fregencies have been chosen 2.7GHz and 8.1GHz.

The energy flux 10725 % __ which with an antenna of 100m? and

m2Hz
an output impedence of 502 gives about 2 1011y H,—1/2




Problems

The radio waves crosses the solar corona which
has an effectif index of refraction:

2
n(r)2=1- ¢ N(T% with N(R) =charge density

€Eg M w

The two frequencies measure solves the problem:

The dephasing §¢; = 2nDsin(0)fi ;i fi

Cq
the measured dephasing is V; = ¢;f;(1 + ochz-_Q) with i =1, 2.

AS a consequence o, can be measured :

W W _ _o\—1
o= (P2-2) (12~ 159
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FI1G. 2. The differcatial phase in revolutions for the
35.3<km baseline on (a) March 27, () April 9, and
(¢) April 13. The phase was determined every fifteen

Chapter 10 Solar Sysiem Tests Of General Relanvity

Relative Deflection (milliarcsecond)

~ Time Interval in Days
FIGURE 10.6 The deflection of the light from the radio source 0116 + 08 as 3




01%2#11
D .

v = 1.007 = 0.009

Relative Deflection (milliarcsecond)
g 1

Relative Deflection (milliarcsecond)

Time Interval in Days

GUREIM Thcdeﬂccuonofthchgmﬁommendnosome0116+08uafnmon
of time as it is occulted by the Sun. The top part of this figure illustrates the path of the




Relativity of time

 Four atomic clocks
* Travel around the world

* Measure of the time difference




Test of the clocks

8000

| | ] | e 1 | | | -’I//I,_a
Fig. 1. Time "differences
between each clock in the
. flying ensemble and the
Naval Observatory clock
MEAN(USNO) at hourly
intervals throughout the
data period. The hour
count along the abscissa
begins at 0" U.T., 25 Sep-
tember 1971. The trace of
each clock is labeled with
the clock’s serial number;
and the trace labeled Av-

erage is the average of ~\~
the four time differences. TN AP T IR £ 1R L N LIy
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/
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Fig. 2. Magnified views of the average time difference data of Fig. 1 in the vicinity
of (a) the eastward trip and (b) the westward trip. The small step down for the east-
ward trip indicates an average time loss, and the somewhat larger step up for the
westward trip indicates an average time gain. The indicated time differences follow
from application of the average rate method with a fitting interval of 25 hours.
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Doppler

Relativistic red shift
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Direct measurement

Measure of the frequency shift of a maser source transported by a
spacecraft launched at 107 m by a rocket.

Vi, = 6000m/s so V/C =2 1072

Pp—Pp
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Predictions for second order doppler during the flight
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FIG. 1. Doppler cancellation and tracking system.




Simnlified diasram
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T hese ratios satisfy the following equation
with an accuracy of 2 107>
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FIG. 3. Frequency residuals and predicted effect

during mission.
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