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ABSTRACT 

We have performed an experimental test of Newton's inverse-square 
law of gravitation. The test compared gravi ty values measured on a 600 m 
tower with upward continued gravi ty estimates calculated from ground 
measurements. A signif icant departure from the inverse-square law was 
detected, asymptotical ly approaching -500 ± 35 p.Gal ( 1 p.Gal = 1 0-{j ms-2) at 
the top of the tower; this indicates that at the base of the tower there is a 
non-Newtonian attractive force that fal ls off rapidly w i th elevation. The 
results of the experiment are marginal ly consistent w i th a one term Yukawa 
type attractive force, but they are fully consistent with two Yukawa type 
forces, attractive and repulsive, in which case they are also compatible 
w i th Airy and Cavendish experiments. The experiment provides evidence 
that supports the hypothesis of a spin-0 gravi scalar and of a spin- 1 gravi
photon. The masses <- 1 neV) and coupl lng constants (not wel l  defined, but 
at least 3% that of the gravi ton, and perhaps much more) of both particles 
are approximately the same, but because m1 > m0 , the attractive scalar field 
is the dominant source of the measured effect. 

577 



578 

Pre l i m inary resu lts of this experiment were presented at the 
Rencontres de Morlond. The final resul ts are now complete, and 

they have been subm i ttedl l to Physical Review Letters CPRU for 

publ icat ion. Thi s  account I ncludes some of the PRL materi a l ,  

inc luding the f i n a l  results.  

"M• were raising tile lower pendulum up tile Sout!J 5/Jaft for tile purpose of 

interchanging tile two pendulums, w!Jen (from causes of w!Jic!J we are yet 

ignorant) tile straw in w!Jic!J tile pendulum-box was packed took fire, tile 

las/Jings burnt away, and tile pendulum wit!J some ot!Jer apparatus fell to tile 

bottom T!Jis terminated our operations of 1826" George S iddel l Airy2l 

Evidence for non-Newtonian gravitation from gravimetric measure
ments (Airy experiments) In mines and boreholes is suggestive, but hardly 
compe l l ing. These estimates3l of the gravitat ional constant, G, are al l 
about one per cent higher than the more precise laboratory estimates4l, but 
the discrepancies are just barely s ign if icant when compared with the ex
perimental uncertainties and a l lowing for the possib i l i ty of unmodeled vari
ations in regional free-air gradient anomal ies and random or systematic 
errors in density estimates. 

If there is a non-Newtonian component of gravity5l , its potential is 
general ly assumed to be Yukawan. The gravi tational potential of a point 
mass, m, then has the form - G mr- 1 [  1 + a exp(-r/I.. )]. For a laboratory ex
periment, r/I.. « 1, and the Cavendish constant is G(l + al. For a f lat earth 
<radius » /..), the gravi ty perturbation caused by the Yukawan term is  
� = 2nG l&JI al.. exp(-1�1/J.. ), where � is the distance from the earth's surface 
and &1 is the density di fference across the surface. General ly, 1�1/1.. » 1 for 
the Airy experiments; not being sensi t ive to the � term, they measure G. 
To resolve al.. and I.. from measurements of �. the Airy experiments require 
goocl measurements near a surface that is wel l  mapped topographically and 
grav imetrical ly. Because � is symmetrical about � =  0, al.. and I.. might also 
be resolved from measurements of � above a wel l  mapped surface. Fur
thermore, a can be estimated (absolutely) more accurately for air  than for 
rock, so the Newtonian gravity "noise" that impairs the precise determina
tion of � (and, in turn, al.. and I..) is negl ig ib le above the earth's surface. 
This was a major motivation for our tower gravi ty experiment. 

Of the (approximately) 40 TV transmission towers that rise 600 m 
above local ground leve l In the Uni ted States, we chOse the WTVD tower in  
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Garner, NC. The tower, bu1 1 t  1n  1 978 by Kl i ne I ron and Steel of Columbia, SC, 
ls mechanical ly remarkably stable; we could  make rel iable and repeatable  
gravi ty measurements at al l tower levels  when the w ind speed was  3 ms- 1 

or l ess. The tower is in a relatively f lat  area of the North Carol ina coastal 
plain, 220 km from the ocean and 350 km from the mountains. The regional 
geology and gravity f ie ld  have been wel l  mapped, and they are rather fea
tureless. And, most i mportantly, we had the hospi tal i ty and cooperation of 
the WTVO management and staff6l. 

At the base and at s1x d i fferent l evels of the tower (93.90, 1 92. 1 4, 
283.56, 379.5 1 ,  473.2 1 ,  and 562.24 m above ground leve l ), we measured g 
w i th a LaCoste-Romberg (L&R) Model G gravimeter7l; e levations were si
mul taneously measured w i th an electronic  d istance meter. Altogether there 
were 30 tower gravi ty observat ions, t ied to seven base station observations 
through five adjustment loops. Our estimated uncertainties for the tower 
measurements range from 23 ( lowest l evel )  to 27 p.Gal (top). At 77 si tes in 
the inner zone (w1th1n 5 km of the tower), we measured g with the same 
gravimeter, tying the measurements to the tower base station; al together 
there were 257 i nner zone gravity observations, w i th at l east two per s t te. 
OMA (the U. S. Defense Mapping Agency) surveyed the inner zone site coordi
nates using its I nertial Pos it ioning System and third order di fferential  l ev
e l ing. The uncertainty of each ground survey grav ity measurements is about 
20 p.Gal .  From i ts gravity l i brary, OMA provided gravi ty measurements and 
coordinates at numerous s t tes in the region; we used data from 1 784 of 
these OMA catalogued si tes for the outer zone (between 5 and 220 km of the 
tower). The grav i ty uncertainties at these outer zone s i tes are estimated to 
be about 1 mGal. The approximate relative weights of the I nner and outer 
zones in  the upward continuation estimation of g at the top of the tower 
are 95% and 5% respectively. 

Geodes1sts and physic ists usua l ly  do not speak the same technical lan
guage; Indeed, their potentia ls have opposite s igns. Many of the words, con
cepts and mathematical tools  for analyzing the tower gravity experiment 
come from geodesy. A translation for physic ists is required, so here it i sBl: 
Let W be the gravi ty potential  of the earth which i s  the sum of a 
gravitational potential  V and a centrifugal potential  4>. I n  cyl indrical 
coordinates (p = distance from rotation axis), the centrifugal force is 
-V4> = c.i2p where oo i s  the earth angular rate of rotation. Taking the diver
gence, - v24> = p-1a(c.i2 p2J/ap = 2c.i2, so Jn any coordinate system the centrifu-
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gal potential satisfies v2� = - 2�. The gravitational potential satisfies 
Poisson's equation, v2v = 4JtGa. Thus w • v + � satisfies 

2 2 v w = 4JtGa - 2c.> . 

I n  curv i l 1near coordinates 

( 1 )  

Let iJW/a�2 • iJW/a�3 • O; then WC�1)  • ctJflSfant defines an equipotential sur

face. This surface has the curvature J(�2• �3) = t [t/h2 + t/h3 ). Let h1 = I , �1 
• dH , and iJW/iJH • g (positive downwards). Then, from ( 1 )  and (2), using 
iJh2/iJH • iJh3/iJH • 1, 

2 iJg/iJH = 41tGa - 2gJ - 26> . (3) 

This Is Bruns· equation. The second derivative of g Is  approximately 

(4) 

In geodetic practice, W I s  reduced to a computationa l ly manageabl e  
level by subtracting a reference field, U, that encompasse,s the central 
force, centrifugal and e l l !psoldal components; this relegates various subse
quent approximations to second order. Here we let U also Include the at
traction of the atmosphere, which then guarantees the harmonicity of the 
resul ting di sturbing potential ,  T·W- U, above the earth's surface. A de
fined equipotential surface (rotating e l l ipsoid of revolution) completes the 
def inition of U and of Its gradient, the normal gravi ty, y, at any point a on 
the e l l ipsoid or at height H above the e l l ipsoid. A truncated Taylor series, 
using v = g  in (3) and (4), generally suffices. The gravity anomaly, 6g, at a 
point P on the normal through a Is defined as the difference between gravi ty 
at P and normal gravi ty at a, where Wp • U0. The height di1fference between 

P and a Is unknown, but the difference between the height of a above the 
e l l ipsoid and the height of P above the reference equipotential  surface of W, 
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the geotd, ts negl igible In non-mountainous terrain. The spherical approxi
mation of Ag ts given by Ag, • -cJT/clr - 2T/r, where r is  the radial coordinate; 
and its f lat earth approximation Is Ag\ • -dT/cl�, where � Is the local vertical 

coordinate. Therefore, rAgr Is harmonic In a spherical coordinate system and 
Ag� Is harmonic In Cartesian and cyl indrical coordinate systems. The 

spherical and flat earth approximations are entirely adeQuate for upward 
continuations of gravity anomal ies for this experiment. 

We used two methods to estimate Ag at the gravity observation levels 
on the tower91. Method I, based on the Poisson Integral and l east-sQuares 
col l ocation, upward continues the rAgr's. Method I I , based on the Fourier
Bessel series, upward continues the Ag\'s. The Ag differences between the 
two techn!Ques, which are compatible w ith the uncertainty estimates <-20 

to 50 p.GaD, are assuringly smal l :  30 p.Gal at the lowest level ,  and no more 
than I o  p.Gal at the other levels. <Errors In the Ag estimates are highly 
correlated between different levels and between the two methods because 
they use a common set of Inner zone gravity samples.) 

If Newton's lnverse-sQuare law Is val id, g observed on the tower 
should agree, except for al lowable error, w ith Ag +y modeled from surface 
data using either of the upward continuation methods for Ag, and using v for 
g In Bruns' eQuatton (3) and its derivative (4). The 1 72 mGal d ifference 
between Ag + v at the top level of the tower and at Its base derives 99% from 
the difference In y, and I %  from the di fference In Ag. The differences, 
g (observed) - g (modeled), and their uncertainties ( I n  p.Gal)  are as fol lows: 

Level Cm> Method I Method I I  

93.90 - 1 47±29 - 1 1 7±55 
1 92. 1 4  -267±34 -272±49 
283.56 -378±35 -384±45 
379.5 1 -468±33 -467±39 
473.2 1 -508±33 -50 1 ±37 
562.24 -5 1 1 ±34 -50 1 ±35 

Unless these differences are artifacts of unsuspected errors, the data Indi
cate that at the base of the tower there Is a non-Newtonian attractive 
gravitational force that fal ls  off rapidly w ith elevation. I f  It Is not gravi
tational, the effect Is one that I ncreases w ith elevation and gradual ly levels 
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off to a maximum i n  the upper reaches of the tower. We tested for possible 
error sources that could  cause such an effect, including E!ffects of magnetic 
f iel ds, radio frequency interference, and tower motions, and found none. 

A l east-squares fit of 8g(�)-8g(O) = 2nG lool aA. [exp(-l�l/}.. )- 1 ]  to the 
Method I I  data gives a =  0.0204 and }.. = 3 1 1 m.  With this model ,  the Airy G 
should be about two per cent lower than the Cavendish G, not one per cent 
higher. A �  due to a one term Yukawa potential  cannot account for these 
results, but i f � is due to a two term (scalar and vector) Yukawa 
potentia1 1 01, it can. Let the subsripts o and 1 denote the scalar and vector 
f ie lds respectively. Then the grav1 tational potent ial  has the form 
- G mr - 1 [ t + aaexp(-r/}..0 )  - a 1exp(-r/}.. 1 ll, and its corresponding gravity per-
turbation i s � =  2nG lool [aoAo exp(-1�1/}..0 )  - a1}.. 1 exp<-IWA- 1 1  The problem 
now is that we have four a, }.. parameters instead of two. Reducing the num
ber of parameters to two by setti ng a 1 • a0 - 0.007 (from Airy and 
Cavendish experiments) and aoA0 - a1}.. 1 • 5. 1 m ( impl ied IJy 8g(�) - 8g(o) � 
-500 µ.Gal as � �  oo), the lower l im it  for a0 is 0.03, but it has no upper l im i t. 
The il.'s fal l between 20 and 1 80 m when a0 is smal l ,  but they are close to 
1 00 m (mass "' 1 neVl for a0 "' a 1 :. 1 .  Further gravimetric experiments w i l l  
test the existence o f  the scalar-vector model and determ ine a 1- a0 more 
prec isely, but other types of experiments 1 1 1 w i l l  be required to estimate a0. 
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