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we nd that the ux of energy carriedby a gravitational wave caneasily be larger
than the ux of light energy we receivefrom a full Moon. Consideringthat the
sourceof the wave couldbein the Virgo Cluster of galaxieswhile the Moon is by
comparisorright nextdoor it is clearthat the emissionof gravitational radiation by
an astronomicalobjectcanbe a catastrophicevent, carrying away huge amountsof
energy.

Becausehe equivalenceprinciple allows us to wipe out any gravitational eld
locally, evena gravitational wave, the energy of awave is really only well-de ned
asan averageover a region of spacewhosesizeis larger than the wavelength of
the wave, and over atime longer than the period of the wave. Extendedbodiescan
thereforeonly extractthe energyif they interactwith the wave overalong enough
time or alargeenoughdistance

In the presentcasethe geometryof spacetimds constantlychangingbecausef
the gravitational wave, soenergyconservatiomeedsto betreatedcarefully. Indeed,
if we considerfjust amatter system(suchasadetectorfor gravitational waves),then
the wavesare an externaltime-dependentin uence on it, andwe do not expectits
energy to be constant. That is good: one hopesa wave will disturb the detector
enoughto allow us to measureit! To arrive at a conservedenergy that canbe
exchangedbetweerthe detectorandthe wave, we haveto treatthe wave anddetector
together This is not soeasyin generalrelativity, becausét is not easyto de ne the
wave separatelyfrom the rest of the geometry.

To seethe reasonfor this, considerwater waves. Drop a rubber duckinto the
still water in a bathtub. Wavesripple out from the placewhereit lands We have
no trouble distinguishing the wavesfrom the rest of the water, and eventually the
wavesdisappeaandwe return to the samestill water surfaceasbefore By contrast,
look at astormy ocearduring, sa, ahurricane Nearthe beachwhat arethe waves?
Sometimesthere is water, sometimesbeach.The whole oceanis moving. Thereis
no way to de ne wavesasadisturbanceon the water.

Strong, time-dependentgravitational elds must be treatedwith more carein
generalrelativity than we areableto do here Recallthat we learnedin Chapter6
that energyis only conservedn situations where external forcesare independent
of time. For weakwaves, it is possibleto de ne their energywith referenceto the
“background” or undisturbedgeometry,which is there beforethe wave arrivesand
after it passes But if the geometryis strongly distorted, the distinction between
wave and backgroundhasllittle meaning. In such casesphysicistsdo not speak
aboutwaves.They only speakof the time-dependenigeometry. But normally such
regionsaresmall, andoutsideof them the wavestake shapeasthey move away.

The Binary Pulsar: a Nobel-Prize laboratory

In 1974 two astronomes madeadiscoverythat was nally to give gravitational ra-
diation theory an experimentalfoundation. The Americanradio astronomerJseph
H Taylor (b.1941) had sent his graduatestudent, RussellHulse (b. 1950, to ob-
servepulsars with the largestradio telescopen the world, the Arecibotelescopen
Puerto Rica Hulse noticeda signal that appearedo be a pulsar but strangely its
pulsefrequencykeptchanging.He told Taylor, who soonjoined him at Arecibo,and
togetherthey determinedthat the pulsarwaschangingits frequencyin a periodic
way, comingbackto its original frequencyevery eight hours or sa For a star like a
neutron starto changeits rotation speedhat rapidly seemedmpossible like trying
to slowathundering train. Somethingelsehadto bemakingthe frequencychange
The conclusionwasinescapablethe pulsarwasin orbit around another star, with
a period of eight hours, and the changein the frequencywassimply the Doppler
effectasthe pulsarwent away andcamebackagainin its orbit.

The weaknes®f the in uence of
the gravitational wave on the Earth
showsthat little of the energy
carriedby the waveis left in a
detector This is dueto the
weaknes®f gravity itself, not to
any lackof energyin the waves

Figure 22.2. JosephTaylor.
(Photographby RobertMatthew
providedcourtesyPrinceton
University.)

Figure 22.3. RussellHulse.
(Photographprovidedcourtesy
PrincetonPlasmaPhysics
Laboratory.)

In this section: the discoveryof
the r st pulsarin abinary system
providedthe r stexperimental
con rmation of the theory of
gravitational radiation. It has
becomeatestof extraordinary
accuracy
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Chapter 22. Gravitational waves

But an 8h periodis extraordinarily short. No binary had everbeforebeenob-
servedwith suchashortperiod. Mercury goesaroundthe Sunin 88days. A satellite
of the Sun would have to be just skimming its surfacein orderto have an orbital
periodassmall asthat. But the pulsarwasnot skimming a star: there wasno evi-
denceof friction making the orbit changequickly, andlater optical observationsof
the pulsar’s position did not reveal any star, not evena white dwarf. The pulsat
thereforg wasorbiting anotherneutron star or a blackhole. Whateveris there ra-
diatesnothing we cansee Becauséhis wasthe r st pulsardiscoveredn a binary
system, astronomes beganto call it the Binary Pulsar Radioastronomes have
subsequentlydiscoverednany other pulsarsin binaries sothe nameis no longera
goodone We shallcallit the Hulse—Taylor binary pulsaror simply psr1913+16
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Figure 22.4. This gure showsthe way the massef the starsin
the Hulse—Taylor pulsar systemare determined,and how the
observedoerioddecreasés consistentwith them. The axesare the
massef the two stars,and the lines showhow the observed
propertiesof the systemdependon the massesTheline labeled

" is the combinedredshift and time-delay term. Any
combinationof stellar masse®n this line would give the observed
delay Thewidth of the line indicatesthe spreadof valuesallowed

by the observations The extremely narrow line labeledd! /dtis
the region allowed by measurementof the periastronshift of the
elliptical orbit. The narrownessof this line showshow well this is
determined.The broaderareaaround this line, labeleddR,/dt, is
the region allowedby the observedshortening of the orbital
period. The fact that all three strips overlapin oneregion (at
massesbout 1.39and 1.44times the massof the Sun)is a strong
testof generalrelativity. In anothertheory of gravity, they need
not coincide Theinset gure is the same gure drawnwith a
larger range of massesThis showsthat the curvefor the orbital
periodbendsaway from the periastroncurveover a larger region;
if generalrelativity werenot correctthen thesetwo curvesmight
not touch at all. Figure courtesyof C M Will.

The orbit of psr1913+16is highly relativistic, its speed
being about 0.1% of the speedof light. The orbit is, for-
tunately, a rather eccentricellipsg sothe precessiorof the
perihelion (in this caseit is calledthe periastron) is easyto
measurebecausét is 4 peryear (Comparethis to Mercury,
where one waits a century or so for the effectto build up
enoughto measureit accurately!) As we saw in Chapter18,
the precessiordependson the massof the companion,but
when (asis the caseéhere)the satellites massis not negligible
comparedo the companion,it is not possibleto determine
eachmassindividually from the precessioralone

But Taylor, by repeatedcareful observationsspreadover
many months, wasableto extractanotherrelativistic effect.
He couldseethe changein the pulsars spinrate asit moved
closerto and further from its companion. As we discussed
in Chapter20, this is causedy two effectsthat acttogether
The r stis the changinggravitational redshift asthe pulsar
movesin andout in the companions$ gravitational eld; this
redshift affectsthe spin rate in the sameway it would any
other clock. The secondis the bending of the path of the
radio wavesasthey passnearthe companion,which intro-
ducesa changingtime-delay that addsto the gravitational
redshift. The combinationof thesetwo effectsandthe pre-
cessiorallowedTaylor to deducghe masse®f both stars,as
shownin Figure 22.4. Remarkably they are both of mass
about1.4M . Today the massesare known to an accuracy
of better than 0.1%, the bestmassdeterminationsof any
objectsoutsidethe Solar System.

Becaus¢he companionhasamassin the rangeof masses
of neutron stars, it seemsunlikely it could be a blackhole:
pressurewould have haltedits collapse.Soit is assumedo
beanotherneutron star, but there areno directobservations
of it, no pulsesof radiationor faint glow of X-rays that might
con rm this.

The Hulse—Taylor pulsaris alaboratory for relativity. It
con rms the perihelion precessiorcalculatedoy Einsteinto
much higher accuracythan Mercury does It demonstrates
the gravitational redshift of a huge clock,showingthat the
equivalenceprinciple works even for timekeeping by the
spin of relativistic stars. All this information is enoughto
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Example Component Orbit Distance fow tgw h Lgw
system massM radiusR r (Hz) L)
Hulse—Taylor 1.4M 1 10°Pkm 8kpc 6.9 10° 7.4 10y 35 10® 15 10°
NS-NS 1.4M 50km 200Mpc 190 1.5s 2.8 102 47 10°®
MBH-MBH 1.4 10°M 5 10'km 4Gpc 19 10* 15 10°s 1.4 10" 47 10°

Table 22.1. Threebinary systemsof the type that couldbedetectedby ground-basedr space-basedravitational wave detectors.For
simplicity the systemsare assumedo contain equal-masscomponentsn a circular orbit around oneanother. For eachexamplewe specifythe
massesf the stars, the orbital radius, and the systems distancefrom us; then we calculatethe frequencyof the gravitational wavesfgy from
Equation22.60n the following page,the chirp time tqw (orbital shrinking time-scaledueto gravitational waves)from Equation22.12on
page321,the maximum gravitational waveamplitude h at the Earth from Equation22.70on the following page,and the gravitational wave
luminosity Lgw from Equation22.100n the next page.The latter is givenin units of the solarluminosity L . For the systemin the rst line,
which is a circular-orbit versionof the Hulse—Taylor binary pulsar system,the calculatedchirp time is longerthan the observedneby a factor
of about12, becausef the eccentricityof the real orbit. This bringsthe starsclosertogetherfor a fraction of their orbits, and sothe average
value of the luminosity is larger. The secondandthird systemsare binariesthat havethe samecompactnessas measuredoy GM/Rc?. Notice
that they havethe sameluminosity, despitehaving very different massesThe more massivesystem(third line) hasa longer lifetime, allowing

it to radiate more energyin total. Thethird systemalsohasthe strongestamplitude despitebeingat a very greatdistance wherethe

cosmologicakxpansionredshift is aboutone

tell us everything we would want to know aboutthe orbit.
And on top of all of this, the orbit shrinks. As gravitational wavescarry energy

away from the orbit, the stars get closertogether andthe orbital period decreases.

This is exactly the effect Laplacelookedfor in planetary orbits. Generalrelativity
of course providesa prediction for the rate of shrinking, and it hasno adjustable
numbersin it. Sincephysicistsknow the massesaind separationf the stars from
the other relativistic effects they canusegeneralrelativity to predictexactly how
rapidly the period should decreaseWe makean estimateof the energy radiatedby
the systemin Investigation22.2on the next page,andfrom it the expectedate of
changeof the periodin Investigation22.3on page321. The predictionis that the
periodshouldlose(2.4427 0.00005) 10?'? secondger second.The uncertainty

of 0.00005 10'?secondperseconccomesrom the uncertaintiesin the deduced

masse®f the stars. The measurements that the systemis losing (2.4349 0.010)
10*? secondsger second.The uncertainty here is the observationalaccuracy The
two numbers agreewithin the uncertainties asis shownin Figure22.4.

This is a stringent test of generalrelativity and a striking con rmation of the
predictionsof the theory regardinggravitational radiation. For their discoveryof
this immensely important system, Hulse and Taylor receivedthe Nobel Prize for
Physicsin 1993 Unlike the caseof JocelynBell, to which wereferredin Chapter20,
in this casehe Nobel committeeincludedthe graduatestudentwho r strecognized
the phenomenon Perhapsthe controveisy over Bell'somissionwasalessonlearned
by that committee

Gravitational waves from binary systems

Although the Hulse—Taylor binary systemis radiating gravitational waveswith a
strengththat physicistscancomputeexactly thereis little hopeof directly detecting
themin the nearfuture: their frequency(givenin Table22.1)is too low for detectos
now beingplanned,aswe discusdater. Neverthelessother binary systemsarethe
mostimportant gravitational wave sourcesthat the detectos now plannedor under
constructionwill seachfor.

Astronomers now know that there are many other binarieswith evenshorter
periodsthan the Hulse—Taylor system. A few systemsthat are known from optical
or X-ray observationsin our Galaxy have periodsthat will be detectableby the
space-basedetectorlis a, which we will describeat the end of this chapter Even

The shrinking of the orbit
happensecaus@eneralrelativity
createsa small gravitational
radiation reactionforce sonamed
becausdt is the reactionof the
orbit to the lossof energyto
gravitational waves.We mentioned
this in Chapter2.

In this section: thereis awide
variety of binary systemsthat could
beradiating detectablegravitational
waves Coalescingheutron starand
blackhole binariesareamongthe
mostimportant targetsof
ground-basedietectos, anda
detectorin spacecouldobtain
important information abouta
largevariety of massivebinaries



