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FINSTEINS GR
e GRWITY AS SIACE -TIME

GEOMETRY

E QLI VALENCE PRINCIPLE
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* FOUR TESTS OF GR
»GRAVITATION REDSHIFT

» DEFLECTION OF LIGHT
wn T/MEDELAY IN RADAR ECHOE

+ PERJHELION PRECESS/ON
OF MERCURY
e A SIMPLE APPROACH 70O
EXPLAIN THESE TESTS
=~ J.SCHWINGER 1968

* CENTRAL OBTECT Taw,
THE STRESS ENERGY TENSOR

* GRAVIT'AL INTERACT'N
BETWEEN Two BODIES



£EeM ys GR

EEM : FORCE CAN BE AT7TRACTIVE
OR REPULSIVE

IN QM (ANGUAGE, EM FORCES
ARE IMEDIATED BY EXCHANGE
OF A SPIN 1 MASSLESS

PHOTON
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o QUASI-STATIC CASE
x*=nx"’
STHEN [atal,=-)ot V@
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‘J°T° : CoulornB POTENTIAL
T-F : AMPERES LAW

*IF EXCHANGED PHOTON/S REAL
IN MOMENTUM SPACE

A =0 ( MASSLESS)
£° =/%/
£“= (R®, 0,0, A°=4)
sCURRENT CONSERVAT 10N
AT R)=0 = TR0 T=73
CTYRIL k) = T T =TT
oA FPHOTON HAS ONLY 2 DEGREES oF F



GRAYV/ITATION
FORCES BETWEEN MASSES

ARE MEDIATED By A SPINZ
MASSLESS GRAVITON

GRAVITON

MASS =0
SpIN =2, ALWALS ATTRACTIVE

ONLY 2 DEGREES oF F.

GRAVITON COUPLES TO
STRESS ENERGY TENSOR Ty
GRAVITON



REAL GRAVITON EXCHANGE
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QUAS) STATIC CASE
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*INTERACTION ENERGY E..r
*Lint == @Hfd"x;;.a-[.z ey - teid)]
= GM [d'% —— [ +2452)
~ JF TEST BODY IS A MASS
t*h=-0. fd’xt"_-.-: m
=-GLHm  NEWTON

. ind

o GRAVTIONAL REDSHIFT

AToM ToTAL REST ENERGY
- )

¥ My SETS THE SCALE OF ENERGIES
oF ATOMIC RADIATION

wEREQUENCY 1S REDUCEDBY (1- 1)



DEFLECTION OF LIGHT

4

N T=_lJar
P

® SUN
TEST BODYy : LIGHT BEAM
tﬂ’:__ 0'/0“/"
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BEFORE COMPUTING 4% NoT/ce
E.x 1S TWICE THE NEWTONIAN
VALUE |



CACULATION OF &%

- 2 __3GMA
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* $O THE ANGLE OF DEFLECTION
FOR LIGHT 1S TWICE THE
NEWTONIAN RESULT —
EINSTEINS PREDICTION

/717 <EDDINGTONS EXPEDIT N

TO WESTERNAFRICA
‘ECLIPSE DATA

v 2ND GROUP WENT TO
BRAZIL

«SOME CONTROVERY
1979 REANALYS/S
SURPORTED EINSTEIN

*PHYSICS TODAY  MARCH OF




TI/MEDELAY /N RADAR ECHOES
FROM /NNER PLANETS

1L SHAPIRO /1964

THE SAME E,,, REDUCES
A PHOTONS ENERGY BY

A FACTOR OF I- égﬂ




* EXAMPLES OF S5-=v

o« INVARIANT STATEMENT

OF LIGHT
IS = Guu dX"dX’=0
#> 5= ALWAYS

dx”



Y EARTH

e ADDIT/IONAL TIME DELAY
P
s A =240ﬁ:

- 46s1 o o2k

U
vaon [or ot

B Ai‘=46‘-l‘1£n(‘2‘;z" 22)

« CONFIRMED BY VIKING

MISSION TO MARS IN 1976
({IXT.SHAPIRO, et ak.)



PERIHELION PRECESS/ON OF
PLANETORY OREITS

a q
N
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PRECESSION

RECALL
E.s=" G/‘de’x ;-é;-[t”r?)-ﬁ ¢ 44e3)]
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IF m MOVES SLOWLY, LOCALIZED
AT X=R, THEN t%%=0
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CORRECTION TO NEWTON
*POTENT/AL DUE TO PLANETS
MoT /0N
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Ly TO FACH



DERIVATION

CONTRIBUTION TO £™ DUE

70 GRAVITATIONAL
INTERACTION BETWEEN

PLANET AND SUN




» =V AS REQUIRED
«THIS £33 GIVES EXTRA TERM
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o THESE EFFECTS CORRECT T7HE
NEWTON POTENTIAL 70

* V(/+ 2T)(1+ L +LY)

«ONE MORE (‘0/?1?[[‘ 770N
DUE 70 SPECIAL RELATIVITY

(Prrmi ) em =T
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* GOLDSTEIN: CLASSICAL

MECHAN/CS
& HE%
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GLOBAL POSIT/ONING SYSTEM
(GPS)
* PURE SCIENCE+TECHNOLOGY

. WI.DELY USED RARELY
[/NDERSTOOD

¢ ATOMIC CLOCKS
e SATELLITES
e SPECIAL € GENERAL

RELATIVITY CORRECTIONS
*CONSTANT MONITORING

“1773 CONCEPT oF GPS

/1991 FIRST USED /N
GULF WAR
S $ 28 Now—> $308 N

/70 YEARS



ATOM/IC CLOCKS

* PURPOSE : PREC/SE MEASNT
OF SMALL ENERGY D/FF.
L aE | vy AE= hf

(945 I ITRAB! PROPOSAL

« 1952 NBS FIRST Ce’®
ATOM/IC CLOCK

*/9858 LOMMERCIAL (s CloCK
LBR0K EACH

/767 1sec= 9192437770 cyeLs

IV Cs % HYPERFIN
TRANSITIONS
1999 NIST-F1
At ~ 1.7 PARTS IN 10"

<lsec IN ROM YEARS




FIGURE 6.9 GPS satellite constellation: T

1e GPS constellation of

24 satelliles are ay
ranged tn 6 equally spaced orbit planes



s WHY SUCH ACCURATE CLOCKs?
s c=3x10"° crm/s
v LIGHT TRAVELS 30cmIN
1 Ns €10 7sec) !

“SATELLITES
« A SYSTEM OF 24 SATELLITES

« EACH IN A 12-HOUR ORBIT
. & ORB/ITAL PLANES ABOUT

EARTH
o AT LEAST 4 SATELLITES ABOVE

HORIZON AT ANY POINT ON

EFARTH

* SIGNALS FROM THESE FOUR
DETERMINE X Yv.Z2 £T.



AHYPOTHETICAL WORLD
o EARTH CENTER AT REST I N
AN /NERTIAL FRAME

FACH SATELLITE SENDS

PERIODICALLY SIGNALS

ENCODED wirkH TIMEL
LOCATION OF EMISSI10N
AN OBSERVER THAT RECEIVES
SIGNAL AN INTERVAL LATER

CAN CALCULATE THE DisTance
FRONM THE SATELLITES

*SIGNALS FRoM 4 SATELLITES
=> OBSERVERS Xy z £¢



CORRECTIONS 70 PROPER

TIME ON SATELLITE CLOCKS

70 GIVE TIME OF THE INERT/AL
.F RAME :

o TIME DILAT/ON @ SATELLITES
MOVE W.R.7. OBSERVER,

e SIGNALS RECEIVED AT SLOWER
RATE THAN EMITTED

12 hr ORBIT
SATELLITE SPEED V:

w_ en
k K
Rs ~ 2.7x10% Km
Vs~ 3.9 Km/5
_c%g 1.3 1075

Af’-\vYAto gJ—=_1—~]+.2!.-P&

FRACTIONAL COR RECTN =1 08413



G RAVI TAT ‘L REDSHIFT-Big SURTRUE

o IN OUR HYPOTHETICAL WORLD
JADISTANT OBSERVER AT REST &
FAR AWAY FROMANY GRAVIT. SouRe:

s GRAVIT. POTENT/AL AT
SATELLITE =~ %’-: wiit®

» FRACTIONAL CORRECTIONTO

EMISS/ION RATE DUETO
GRAVIT. REDSHIFT
=(X) = r.&€x707°
s TWICE AS B1G AS TIME
DILATION [
*IN LESS 7THAN & HOURS
ACCUMULATED ERROR ~ 1 KM



c ACTUAL GPS : NOT 1N AN
INERTIAL FRAME WITH JTS
JIME DEFINED BY CLOCKS AT o=

* RATHER. A FRAME ROTAT/ING
WITH EARTHL CLOCKS ON

EARTHS SURFACE

JIME DILATLON
SATELLITE SPEED v~44Am/
SATELLITE CLOCKS SLOWER
*BY 4L ~ 07"
«GRAVITATIONAL BLUE (NOT RED)
SHIFT %t- ~&x10"°

SATELLITE CLOCKS FASTER
- MANY OTHER CORRECTIONS




CONCLUSIONS
o INTERACTIONS BETWEEN
"MASSES (Tou) V1A ONE
GRAVITON EXCHANGE
*SIMPLE EXPLANATION FoR
«GRAVITATIONAL REDSHIFT
</ 1GHT BENDING

«TI/IME DELAY
. SUPPLENEIVTFD BY HIGHER

ORDER (IN =) TERMS IN
too = PREHu:oN PRECES SN

o GPS = WONDERFUL

APPLICATION OF
PURE SCIENCE (GR)

TO TECHNOLOGY





