The Cavendish Experiment and “big G”
The gravitational constant G is arguably the most important fundamental constant, but it is also the one most difficult to measure precisely. It was a hundred years after Newton first formulated his Law of Universal Gravitation before G was accurately measured by Henry Cavendish, and another hundred years before a better measurement was made. Similar methods are still used today, with the best measurements of G just using more complex mass arrangements and more precise force-measurement methods and modelling.
The gravitational constant is an essential parameter in cosmology, astrophysics, geophysics, and celestial and orbital mechanics. Knowing G allows us to predict the motions of satellites, planets, stars, and galaxies.  G relates the radius and masses of black holes and neutron stars, determines the rate at which gravitational waves are emitted, and sets the scale for any “Theory of Everything” trying to unify our understanding of the universe.[endnoteRef:1]  [1: ] 

Other important constants such as the fine-structure constant or the mass of the electron are known with orders of magnitude better precision than G. The difficulty is that gravitational forces between objects in a lab are tiny, and must compete with the gravity of the much, much larger Earth, and against much, much stronger electromagnetic forces.
When Isaac Newton developed his Law of Universal Gravitation in the late 17th century, its fundamental unknown parameter was the average density of the Earth, from which the modern “big G” can be calculated knowing the Earth’s radius and free-fall acceleration “little g”. Extrapolating from information such as the rock density at the bottom of mines, Newton made what we might now call a “Fermi estimate” that the Earth’s average density was 5 to 6 times that of water,[endnoteRef:2] in perfect agreement with the modern value of 5.51. [2: ] 

By the 18th century astronomers needed the mass of the Earth to determine the masses of other planets from their orbits. Surveyors needed to know G to estimate how much mountains and valleys might affect their plumb bobs. Henry Cavendish, an eminent chemical and electrical researcher, wondered whether the gravity of the Allegheny Mountains had affected the 1763 survey by Mason and Dixon defining the Maryland-Pennsylvania border. This led Cavendish and others in the Royal Society to form a “Committee of Attraction”. Attempts were made to determine G from the gravitational attraction of mountains, but Cavendish did not trust the geological assumptions.  A laboratory measurement with well-defined masses and geometry was needed.
In 1797 Cavendish started measurements using the recently invented torsion balance.  He placed a small lead ball at each end of a 6-foot-long wooden bar hung from a thin wire. The wire acted as a torsional spring exerting a force returning the bar to its original equilibrium position. If the bar is rotated and let go, it will oscillate back and forth with a period that depends on its moment of inertia and that spring-constant of the twisted wire. Cavendish also placed massive 160 kg lead spheres on each end of another 6-foot bar that could be rotated to different positions to attract the smaller lead masses. Cavendish measured the resulting deflection of the balance, determined the force between the lead spheres, and then used the mass of the lead spheres to calculate the mass of the Earth.[endnoteRef:3] [3: ] 

Cavendish knew that any errors in his measurement would likely be due to systematic effects that cannot be measured or revealed by simply repeating the same measurement over and over. Such systematic errors can only be constrained by making as many measurements as possible with changes in the experimental apparatus or environment.
Cavendish also wondered if the lead masses could be affected by the Earth’s magnetic field, so he replaced the masses with actual magnets and saw no change. He tried different ball separations in case gravity did not exactly obey the inverse-square law at small distances (compared to the astronomical distances where Newton’s Law clearly worked extremely well). 
Cavendish thought that any temperature differences would be too small to generate problematic air currents, but he nevertheless monitored the temperature and noticed a small increase during each measurement. To understand why, he increased the effect by heating and cooling the masses, discovering that temperature differences between the masses and their case were producing otherwise imperceptible air currents that caused a drift in the measurement. He also made measurements in all weathers and with many other changes.
Foreshadowing modern detector modeling, Cavendish calculated the gravitational force exerted by experiment’s mahogany case on the test masses to make sure this was not large enough to perturb his results. 
Cavendish reported an uncertainty of less than one percent based on all variations observed, and his result agrees with the best modern measurements. His value for the average density of the Earth showed that the interior of the Earth must be much denser than the crust, likely composed mostly of a metal such as iron.
Modern measurements of G have precisions approaching 10 parts per million, but they often disagree with each other by much more than their reported uncertainties.[endnoteRef:4]  Measurements can be thrown off by unanticipated electromagnetic or thermal effects, unnoticed vibrations, an imperfectly modelled gravitational environment, and more. The difficulty in any measurement of G is in evaluating the systematic uncertainties, not just those given in instrument specifications, but also considering possible effects such as spring non-linearities, mechanical imbalances, air resistance and friction, and more. [4: ] 

Enjoy the challenge!
							David Bailey, University of Toronto
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