
No longer is general relativity “ a theorist’s 
Paradise, but an experimentalists Hell”

It is now a Paradise for all .....

C. Misner, K. S. Thorne and J.A Wheeler   “Gravitation”  P 1131 (1973)

Some adventures in experimentalist’s heaven
 at Kip’s Fest, June 1, 2000

Rainer Weiss 

OUTLINE

1)     Experimental relativity

2)     Case study in observational relativity - deflection of light

3)     Case study in experimental relativity - the weak principle of equivalence

4)     Gravitational radiation - a combination of experiment and observation

5)     Kip’s flirtations with being an experimenter



THE PARADISE OF EXPERIMENTAL RELATIVITY
  
                    OBSERVATION                                                               EXPERIMENT                                   

Fundamental Tests
 
    Variation of  “constants”  with epoch                        Variation of constants with grav. potential
                                                                                       Weak principle of equivalence
                                                                                        New long range couplings
     Gravitation obeys weak principle?

Weak Field Phenomena
 
                                Comparison of clocks at different gravitational potential
      Deflection of light
      Retardation of light in the gravitational potential
      Dynamics of massive bodies                                   Magnetic gravitation/frame dragging
                                                                                       Periodic gravitational waves
                                                              Radar ranging

Intermediate Field Phenomena

      Compact binary systems

Strong Field Phenomena

      X ray binary emission
      Formation of black holes
      Primeval density fluctuations
      Universe as a single system                                   
                                      Impulsive and stochastic gravitational waves

Kip:  Allowing General Relativity to be testable and not remain a monolith.
         Bringing Caltech into Experimental Relativity



THE CHALLENGE FOR THE EXPERIMENTER AND OBSERVER

Real challenges

• Understanding and elimination of the extraneous noise sources.
• Measurement at the fundamental limits of the technique.
• Control of and test for systematic errors.
• Making the time to “do it right”.

Social challenges

• The strong expectation that the theory is correct.
• The subconscious impetus to iterate to the “correct” result.
• Being less critical when the result is “correct”.

THE SALVATION FOR THE EXPERIMENTER AND OBSERVER

• A discovery in astrophysics of a new class of systems and phenomena.
• Advances in technology.
• A discovery of a new phenomena with high relative precision.
• Getting the time to “do it right”.
• Sometimes a good idea.



CASE STUDY 1: THE DEFLECTION OF LIGHT
References:
“The Determination of Einstein’s Light-Deflection in the Gravitational Field of the Sun”
H. von Klüber in VISTAS IN ASTRONOMY  V3, 47 (1960)

“A Confirmation of Einstein’s General Theory of Relativity by Measuring the Bending of Micro-
wave Radiation in the Gravitational Field of the Sun” E.B. Fomalont and R.A. Sramek , Astro-
physical Journal V199,749 (1975)

“Further Experimental Tests of Relativistic Gravity Using the Binary Pulsar PSR 1913 + 16”
J.H. Taylor and J. M. Weisberg, Astrophysical Journal V345, 434 (1989)
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Fitting procedure for difference between stellar positions in the plates
relative translation
relative rotation
inclination of each plate relative to the telescope optic axis
scale value (magnification)
light deflection

Most significant difficulty - maintaining the scale

             30%  measurement  @  r  =  5                  

                                 

               Inevitable thermal instabilities during the eclipse

Other difficulties

   Not enough bright stars within the significant fitting region to separate scale from deflection.
   Not enough observing time:    90 minutes total 1919 - 1960
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BENDING BY MICROWAVE INTERFEROMETRY

Sensitivity:

                            

                          Split fringe to 0.004 arc seconds in 8 hours of observation

Perturbations

          Solar plasma:  refraction varies as  . Separate by using  two different wavelengths

          Atmospheric propagation

Control

         Measure relative motion of 0116+08, 0119+11 and 0111+02
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BENDING FROM THE BINARY PULSAR

PULSAR 59 ms period

orbit 7.75 hr period

e = 0.617

169 pc/cm3

Arecibo Observatory
@ 430 Mhz, 1410 Mhz





















CASE STUDY 2:  WEAK PRINCIPLE OF EQUIVALENCE TESTS
References:
“Beiträge zum Gesetze der Proportionalität von Tragheit und Gravität”, R. von Eötvös, D Pekár, 
E. Fekete, Annalen der Physik 68, 11, (1922)

“The Equivalence of Inertial and Passive Gravitational Mass” P.G. Roll, R. Krotkov, R.H. Dicke,
Annals of Physics 26, 442 (1964)

“Verification of the Equivalence of Inertial and Gravitational Mass” V.B. Braginsky, V.I. Panov, 
Soviet Physics - JETP (English translation) 34, 463 (1972)
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Difficulties in Eötvös’s experiment:
 Apparatus not designed for the job - it was a gravity gradiometer in an earlier life

Gravity gradients - Eötvös himself a significant perturbation

Magnetic field sensitivity - material problems in all manufactured substances.

Thermal gradients - radiometer effect - the wrong way instrument in the jewelers window

Temperature variations - change in torsion offset and torsion constant

Fluctuations in the surface charge on the housing and the masses - patch effect variations

Seismic noise

Brownian motion of the low Q system in air

Procedures attempted to improve the experiment:
Solar g and rotation of apparatus by earth - first idea, 1/f noise too large (a (earth/sun) = 4 @ 
latitude of 45 deg)

Beat 1/f noise by modulation - turning the suspension - gravity gradients and insufficient 
damping

Attempt to make differential - two suspensions in the same envelope - too much common 
mode noise

Critical improvements made in the Dicke version:
Operation in ultra high vacuum - 
      elimination of noisy damping
      elimination of radiometer effect
      stabilization of patch effect (though not completely removed)

Significant reduction of sensitivity to gravitational gradients due to mass configuration

Fused silica suspensions and multiple-refined materials to reduce magnetic impurities

Closed loop servo system to damp the system and measure the rotation

Angle sensor operating at the fundamental noise limit due to suppressed carrier modulation to 
provide the (almost noise free) feedback signal.

Reduction in 1/f noise from improvements to allow solar modulation

Operation in a thermally controlled environment













Limitations of the Dicke experiment:

Non-Gaussian nature of the seismic noise at 24 hour periods, in part due to rectification of 
high frequency seismic noise by non-linearities in the suspension.

A residual thermal coupling to the suspension (never completely understood).

Results of the Dicke experiment

•   later surpassed by Braginsky  to a limit of 10-12   and now by another fac-
tor of 10 by Adelberger.

• The experiment showed all of us how to control a mechanical system and how to 
approach the fundamental limits of the experiment design.
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Kip’s flirtations with being an experimenter

The relevant attribute of an experimenter: Putting your tochis1 on the line and 
living with your decision.

• The LIGO beamtube scattering and the baffle design.

     “Scattered-Light Noise for LIGO “ E. E. Flanagan and K.S. Thorne, LIGO Tech-
nical Report T950132-00-R (1995); the final article of many years of thinking about 
the problem.

A significant contribution to the design and construction of LIGO
 

showed the way to make the calculation
determined the baffle spacing
established the proper formulation for the baffle serrations

• Gravity-gradient noise in LIGO

“ Seismic gravity-gradient noise in interferometric gravitational-wave detectors”  S. 
Hughes, K.S. Thorne,  Physical Review D 58, 122002-1, (1998).

Propose making moats in the ground to stop the propagation of Rayleigh waves which produce 
density fluctuations in the ground around the test masses. Moats might be 35 meters in diameter 
and 10 meters deep (the authors do recognize the special problems with the moats in Louisiana.)

“Human Gravity-Gradient Noise in Interferometric Gravitational-Wave Detectors” 
K.S.Thorne, C.J. Winstein, Physical Review D 60,082001, (1999)

The way we walk causes time dependent gravitational gradients. Think twice about letting people 
next to the machine when observing.

1.  “ass” defined in “ The Joys of Yiddish” Leo Rosten, Mc Graw Hill (1968)


