Gravity on Earth:
the inescapable force

Pickup a stoneandfeelits weight. Then carry it inside a building andfeel

its weight again:there won't be any difference Takethe stoneinto a car
and speedalong at 100miles per hour on a smoothroad: againthere won't be any
noticeablechangen the stones weight. Takethe stoneinto the gondolaof a hot-air
balloonthat is hovering abovethe Earth. The balloonmay belighter than air, but
the stoneweighsjust asmuch asbefore

This inescapabilityof gravity makesit different from all other forcesof nature.
Try taking a portableradio into a metal enclosure like a car and seewhat happens
to its ability to pick up radio stations:it getsseriouslyworse Radiowavesareone
aspecbf the electromagnetidorce, which in other guisesgivesus static electricity
andmagnetic elds . This forcedoesnot penetrateeverywhere It canbeexcluded
from regionsif we choosethe right material for the walls. Not sofor gravity. We
could build a room with walls asthick asan Egyptian pyramid and madeof any
exotic material we choose andyet the Earth's gravity would beright there inside
asstrong asever Gravity actson everything the sameway.

Every body falls toward the ground, regardlessof its composition. We know
of no substancehat acceleratespwardsbecaus®f the Earth's gravity. Again this
distinguishesgravity from all the other fundamentalforcesof Nature. Electric
chargescomein two different signs the “+” and“ ” signson abattery. A negative
electron attractsa positiveproton but repelsother electrons.

Gravity is everywhere No matter whereyou go, you cant seemto escapdt.

Thereis a simple home experimentthat will showthis. If you have a

clothesdryer, nd ashirt to which a coupleof socksare clinging after

they have beendried. Pulling the socksff separatesomeof the charges
of the moleculesof the fabric, sothat the chargeson the sockwill attract

their oppositeson the shirt if they areheld nearenough. But the socks
have the samechargeandrepeleachother when brought togethet

The existenceof two signs of electric chargeis responsiblefor the shapeof our
everyday world. For example the balancebetweenattraction and repulsionamong
the different chargeghat makeup, say, apieceof woodgivesit rigidity: try to stretch
it and the electronsresist being pulled away from the protons;try to compresst
andthe electronsresist being squashedip againstother electrons. Gravity allows
no such ne balancesandwe shall seethat this meansthat bodiesin which gravity
plays a dominantrole cannotberigid. Insteadof achievingequilibrium, they have
astrong tendencyto collapsesometimesevento black holes.

Thesetwo factsaboutgravity, that it is everpresentandalways attractive might
makeit easyto takeit for granted. It seemsto be just part of the background,a
constantandrather boring feature of our world. But nothing couldbefurther from
thetruth. Preciselybecausé penetratesverywhereandcannotbecancelledut, it

In this chapter: the simplest
observationsaaboutgravity —it is
universalandattractive andit
affectsall bodiesin the sameway —
have the deepestonsequences
Galileg the r st modernphysicist,
foundedthe equivalenceprinciple
on them; this will guideus
throughout the book,including to
blackholes Galileoalsointroduced
the principle of relativity, usedlater
by Einstein. We beginhereour use
of computerprogramsfor solving
the equationsfor moving bodies

Remembertermsin boldface are
in the glossary

The picture underlying the text
on this pageis of the famousbell
tower at Pisa,where Galileois said
to have demonstratedhe key to
understandinggravity, that all
bodiesfall at the samerate. We will
discusghis below Photoby the
author.



Chapter 1. Gravity on Earth

In this section: Galileolaid the
foundationsfor the scienti ¢ study
of gravity. His demonstrationthat
the speedof fall is independeniof
the weight of an objectwasthe r st
statementof the principle of
equivalencewhich will leaduslater
to the ideaof blackholes

Figure 1.1. Galileo Galilei moved
scienceaway from speculationand
philosophyand toward its modern

form, insisting on the pre-eminence
of careful experimentand
observation.He alsointroducedthe
ideaof describingthe laws of
nature mathematically. Meeting
strong religious oppositionin his
native Italy, his ideasstimulated
the growth of sciencen northern
Europein the decadesifter his
death. Imagereproducedccourtesy
of Mary EvansPictureLibrary.

is the engineof the Universe.All the unexpectedindexciting discoverieof modern
astronomy-— quasars, pulsars, neutron stars, blackholes— owetheir existenceto

gravity. It bindstogetherthe gase®f astar, the stars of agalaxy, andevengalaxies
into galaxy clusters. It hasgovernedthe formation of stars andit regulatesthe

way stars createchemical elements of which we are made On a grand scale it

controlsthe expansion of the Universe . Nearerto home it holdsplanetsin orbit

aboutthe Sun andsatellitesaboutthe Earth.

The study of gravity, therefore is in a very real sensethe study of practically
everything from the surfaceof the Earth out to the edgeof the Universe. But it is
evenmore:it is the study of our own history and evolution right backto the Big
Bang. Becauseayravity is everywhere our study of gravity in this bookwill take
us everywhere asfar away in distanceandasfar backin time aswe have scienti ¢
evidenceo guideus.

Galileo: the beginnings of the science of gravity

Wewill beginour study of gravity with our feet rmly on the ground, by meeting
a man who might fairly be calledthe founder of modern science:Galileo Galilei
(1564-1642).

In Galileostime there wasa stronginterestin the trajectoriesof cannonballs|t
was after all, a matter of life and death:an army that could judge how far gravity
would allow acannonballto y would bebetter equippedto win abattle overaless
well-informed enemy Galileo’s studiesof the trajectory problemwent far beyond
thoseof any previousinvestigator He madeobservationsn the eld andthen per
formed careful experimentsin the laboratory. Theseexperimentsare a model of
careand attention to detail. He found out two things that startled many peoplein
his day andthat remain corneistonesof the scienceof gravity.

First, Galileofound that the rate at which a body falls doesnot depend
uponits weight. Secondhe measuredhe rate at which bodiesfall and
found that their acceleratioris constant,independentof time.

After Galileo, gravity suddenlywasnt boring any more. Let's look at thesetwo
discoveriego nd out why.

Thestory goesthat Galileotook two iron balls onemuch heavier than the other,
to the top of the bell tower of Pisaand droppedthem simultaneously Most people
of the day (andevenmany peopletoday!) would probablyhave expectedhe heavier
ball to have fallen much fasterthan the lighter ong but no: both ballsreachedthe
groundtogether

The equality of the two balls' ratesof fall went againstthe intuition andmuch of
the commonexperiencenf the day. Doesnt abrick fall fasterthan afeather?Galileo
pointedout that air resistancecant be neglectedn the fall of afeather andthat to
discoverthe propertiesof gravity alonewe must experimentwith densebodieslike
stonesor cannonballswherethe effectsof air resistanceare small. For suchobjects
we nd that speeds independenif weight.

But surely, one might object, we have to do much more work to lift a heary
stonethan alight one sodoesrt this meanthat aheary stone“wants” to fall more
than a light one andwill do sofaster given the chance?No, said Galileo: weight
hasnothing to do with the speedof fall. We canprove that by measuringit. We
have to acceptthe world the way we nd it. This wasthe r st steptowardswhat
we now call the principle of equivalence which essentiallyassertsthat gravity is
indistinguishablefrom uniform accleration. We shall seethat this principle hasa
remarkablenumber of consequencedrom the weightlessnes®f astronautsto the
possibility of blackholes.



