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Introduetion
Astrorronty is one oi thc ..,l.lcst irn![ r-n()st l.rofirr.rr-r.l trithe scienccs. Sitrce our'

lncest()rs trackc.l thc urotitrns t,f the Sun anll strrs, \\'hrrt u'e l'ravc lc,rlne.l h,rs

rarlLcallr' ,rltcrccl orrr vicu' trt-thc place of htrmirns in the universe . Each

hrcaktl'rr..trrgh has hal socirrl rel-crcrrssion.s: Clllilco \\'erc 'arrestccl in the lTth
cclrtur): firr teacl-ring thc contr,,l'etsy t1-rat the Elrth gocs roun.l the Sur-r.

I)crnonstlrrtions tl-rat,rrrr s,rlar s-vstcrD is.lisplucetl fnrrn thc l'reart,rf the N{ilkv
'Wa\,ciruse.l sinilar gasps rrf .li.l.elicf. AnJ Etlr,r,in I'{ubl.le in tl.re 192.0s silcncctl
thc clcblters u,hcn he .liscovcle.l thrrt rl-rc N'lilky Wrf i. one of lrillions,rigrrlrrxics
scattcre.l tht\)ugh()ut l vrrst atrtl st'elling univer:e, l4 l.illi.rn 1eirrs..rl.l.

l)Lrring the trlcr-rtieth cclltrrry tcclurolrgics rrppcJ thc |ircr'()f (lisc(rvcry. Thc
ccntur\ ,tpcne.l $'ith gair-rs in our unrlcrstarrcling of stars and their firsirxr cngir-tcs,

prralleling orrr knorr'le.lge of nuclcirr po'nler, racLati.r-r itntl thc hlrrl.lins of thc
:rttrn-iic bornh. Thc vcals during anrl after tl-rc Sccond Worltl War hrougl-rt the
Je ve h4rluent ol rirdio'.r-\tr()n()lnyr :rncl tl'rc irlcntitlcltion oi pulsars, rlr.r:rsirrs irnri

black holes. Nerv u'intl,rn,s .lr the universe wert thro\\'n ()pen, tr()ln the cusrtric

lnicrtru,'rrve hackgr,,un.l ratliation to tl're X'rirY lncl gamrna-Lat'skt', each

fre,quenct' brineing its ou'n tliscoveries.

This hook takcs il tour of astr()lhysics from a mtrdern rese:trch fersfective. The
first cl-rapters describc the great pl-rilosophical leaps in ,lrt untlerstiLnding .lrt the
scale olthe unir,crse, rvhilst irrtrothrcing the birsics, fnrui gravitv ttr ltorv tr

tr'lescope r.vorks. Tl'rc next set asks i,,'h:rt ri'e have learnc.l rlbout cosrntrl()gvr thc
sturly of the universe as a u-h.rle - its constittrent p2rrts, history antl er-olutitrn.
Tl.reoretical irspect-\ of the universe, ir-rclrrrlinc relativit-v theorv, hl:rck holes ilncl

mrrltiverses, are then introcluced. The last secti(rns dissect in cletail rvhilt rve

kr-iorv abor,rt galaxies, st'.rrs antl the solar system, frorn cluasars ancl gillirxy
er,oltrtiorr to cxoplanets an.l astrohi,.rkrgy. The p:rcc of discovcry is sti[[ hig[-r:

perhaps in the next .lecircle-. l.r'c n'i11 witness the ncxt great paradigm shift - thc
tietectior-r of life bevonci the Earth.
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Planets
IIow many planets are there? A few years ago it was an easy
question that anyone could answer - nine. Today, it is
contentious. Astronomers have thrown a spanner in the works
by discovering rocky bodies in the deep freeze of the outer
solar system that rival Pluto, and by finding hundreds of
planets around distant stars. Forced to rethink the definition
of a planet, they now suggest there are eight bona fide planets
in our solar system, plus a few dwarf planets like Pluto.

Sir-rce pre-history rve've known that plnncts cliffer froni stirrs. Planets,

narneil after tl're Greek r.vor.l firr'w:rnclcrcr', urigr:rte ircross the r-right sky

thr,rr-rgh the unchar-rging back.lrop of stars. Frorn night to nigl'rt the stirrs

forur tl-re same patterns. Their constellations :rl1 sklvly spin together irbor-rt

tl.re north ancl south poles, each star ctching a circle d:rily or-r tl-re sky. But
plar-rcts' l.ositions shift a littlc rclrrtivc to the stars eircl'r clay, follou'ing a
tiltctl p:rth across the sky that is called the plane of thc ccliptic. All the
pl:urcts mtrvc r.r'ithirr the sarne plane irs tl-rey orbit thc Sr-rn, u'hich is

projcctcrl irs a linc ,rr-r the sk-v.

The major pllncts otl'rcr th:rn Earth Mercury, Venus, Mrrrs, Jupiter :ir-rr'l

S:rturn - h:rve been known for millennia. They arc casily visible to the
ntrke.l eye, often oLrtsl-rining their stcllar ncighbours, an.1 their contrary
motior-rs lent tl-rcrn mytl-rical status. The irrrivirl of telesc,4res in the 17th

century gcncntc(l lD()rc ilwe: S:rturn was skirte.l by l,eautiful rings; Jtrpiter
l',,rasted il c()tcric of rnoons ant'l M:rrs's surface was fleckecl l.),.lark cl-rannels.

Planet X This hcave nly ccrtainty rvirs sh:rken by the .lisc,rvcry of thc
planet Ur:u-rus ir-r 1781 by thc British astr()n()rner Williani Hcrschcl. Fainter
:urcl sLxvcr-nroving than the other knou,n pliurcts, Uranus ."v:rs originirlly
thougl-rt to Ire a r()sue stilr. lt r.r'as Hcrschcl'-. carcfirl trlckir-rg thirt pr(x'eri

Galileo Galilei discovers William Herschel
Jupiter's moons discovers Uranus
through telescope

re rirr!$.
Aristotle determines
Earth is round

Copernicus publishes
his heliocentric theory



conchrsivcly that it trrhitc.l thc Sr-ur, thus besto'nvirrg its

planctary stntus. Herschel haske,-i in f,.rme bec:ruse of his
tlisc,,r'er1', even courtittg King George III's firr,'oLrr by

l.riefl)' nirurir-rg it firr the Er-rglish monarch.

lVftrrc discovcrics u'cre t() c()rne. Slight irupertccti()ns in
Uranus's ,rrbit le'.1 to prsii.,i,,t-ts thrlt it wirs heir-rg

.listurbecl by arrother cclestial body that lay bey,rntl it.
Scvernl dstr()n()rncrs scourc.l tl-rc expecrccl ltrcation,
l,xrking ftrr u u'anrlerir-rg ir-rtt-rlr1.sr, irnd in 1846 Nef,tune
u'as rlisc,rvcre.l by the Frer-ichrn:rn Urbain Jeirn Joseph Le

Vcrricr, n:rrr,rwly hcating British astron()lner Jolrn C),rr-rch

Acllnrs to estlhlish thc flnd.

bafin',t,on
of p(ana-l
A'planet' is a celestial body that:
(a) is in orbit around the Sun,

(b) has sufficient mass for its self-
gravity to overcome rigid body

forces so that it assumes a round

shape, and (c) has cleared the

neighbourhood around its orbit.

Then, in 1910, Plrrto'ur,:rs confinne.l. As u'as the cirse lvith Neirtune, slight
rfur'iutions in thc' cxpectecl rnovcurents of thc orrter plrrnrts suggested the
prcscnce of a furthcr bo.ly - at the tilne callc.l Pltrnet X. Clyclc Tilnbirugh
at Lor.r'cll Obscrvirtorf in thc LIS spottetl thc ohjcct rvhen conrpaling

[.h,rt,rsrirPhs,rf the sk1'takcn rrt.liffcrent tinrcs: the llarret hirtl given itself
away by its rnotion. Rut it fcll to a schoolgit l to narnc it. Vene tiil BLrrnelt

fiom C)xtirrd, in the UK, \\'()n rr n.rrnirlg crrnrpcrition with hcr classics-

inspire.l suggesti()n t,rr Pluto, g,r.i trf rl-rc un.lenl',rrl.l. Plarrct l)luto iuspirecl a
l-rost o{popLrlrr culture at thc tinc, frorn the cilrt(x)n tlog to the ncr.vly

.1i.,,'r,.'r.'.1 r'lr'illt |rt I'l r rt, ttt t r rttt.

Pluto dethroned Orrr r.rir-rc-pliuret s(rlar system

sr,xrcl til rrnothcr 75 1e:rrs - until Micl-racl Rnl,vn of Sfr*g GOntinGnts,
(laltech irn.l his c.llal.orar.rs.lisc,,r'crctl rl.rirr Pluto pla.rrets are defined
\\,:ls n()t l1,rnc. Hrrvinu firLrr-r,l :r l'ran,lfrrl trf si:eable m91.e by hOW 1;ge thfufk
objccts not firr fnrrn PlLrto's orbit at tl'rc col.l etlge ,,t Of them tha,n by
rhe solar systcm, thel'happenctl rr1.1;n,,ne that u'as SOmg.OngtS af,tgi*thg-
r'\'cr) lirrq('r tlr,rrr llrrt,' irs('li. Thcv.'rll,.l it Eri.. Tlr. faCt pf.n.ffn'ement.p
astronotnical cott'rtttrtnitv l-r:rcl l conr-rnclrurn. Sl-utul.l ---- - r-- ---
Brou'rr's .lisc,,r'er1 be recogr-riscrl as a te nrh planctl nflinhfiSl Bft0W$, 2006

Neptune predicted and found
by Adams and Le Verrier

ClydeTombaug h

discovers Pluto
First Mariner 2 images
of Venus - surface of
another planet

First extrasolar Brown discovers
planet discovered Eris
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Planets

Dwarl
planets

Arrcl u'hat ubout the othcr ic1' htr.lics ueirr Pltrto at-rtl Erisl PlLrto's st:ltLls its a

planct r.vas calletl into (llresti()n. The tttrter rcirches,lf thc stllirr svstcln \\'ere

litteretl vu'ith icc-srnotherer'l objccts, ,rf u'hich PlLrto :rnrl Eris wclc sirnplv

thc largest. N4orcover, rock\, :rstetoicls of similirr sizc wcre known elsewherc,

inclLrtlins Ocrcs, r,r 950-krn-tliirnieter irsteroi.l that rvils firtrnti in 180 I

l.ctr.l'ce rr lvlars :rnrl .f upiter .ltrring the se irrch firr Ncpttrne.

ln 2L105 a contnittee ,rf thc Internirtional Astronomical Union, thc
professional organizlrtitln ()t ilstr{ '|n(rl11crb' Illct t().lccide Pltrttl's firte. Brou'u

wtruAM ilER$cHEr t1 73S*I Srtrl

Born in Hanover, Germany, in1738, Frederick

William Herschel emigrated to England in

1757 and earned a living as a musician. He

developed a keen interest in astronomy,

which he shared with his sister Caroline,

whom he brought to England in 1772.fhe

Herschels built a telescope to survey the

night sky, cataloguing hundreds of double

stars and thousands of nebulae. Herschel

discovered Uranus and named it 'Georgium

Sidum' in honour of King George lll, who

appointed him court astronomer. Herschel's

other discoveries include the binary nature

of many double stars, the seasonal variation

of Mars's polar caps and the moons of

Uranus and Saturn.



ilnri sr)lne ()thers \\'irntcd ti) pr'()tect thc st:rtus of Pluto trs cLrlturally
cletinetl. Ir.r thcir vie n', Elis sl-r,rulcl als,r be consirlcrecl a plirnet.
C)tl-rer.s felt that all thc ic1' ho.lies l.e\',rncl NeptLrne u'ere not real
planets. lt carnc to ir \'()te ltt a conference in 2006. What uas

decicle.l \\'ils u new tleflnition t,f a planet. Until then the concept
$ras n()t pinncJ rltru'n. Sonre werc bentused, sirying that this was likc
asking for the prccisc definrti.'n,'f, .nf, ,r c(rntincnt: it Austrirlia is a

continent, then rvl'rat about Crcenlirndl Wherc ciocs Europe cnd
ancj Asia heginl But thc irstnrphysicists rgreetl rl set of rules.

{ma,yue this
rf,rorld is a,notiher
planet's hell.p
ffSuus tl*xley

A plzrnet is .lcfirrctl as rr cclestial l.ody thirt rrrhits thc Sun, is massive eno11gl.1

thirt it-s ou'n gravity rlakcs it rrruncl in shape, irntl htrs clearcd the rcgion
:rr,,uncl it. Accorcling to 11"r" rules, Plrrttr wirs not n pianet, firr it hadn't
cleared othcr bodies frorn its orhit. Pluto antl Eris were narnc.l t'lu,art planets,

as u'as Cercs. Smaller bodies, irpart fi1)ln nx)orlsr remaincd unspccified.

Beyond the Sun Tl-ris planetary t'lefir.ritior-r was mn.le tirr our ..l.r'r'r sr'rlar

s)'stern. But it nray l.re airpliecl well heyorrd it. Tir.1a1-, ser.cral hun.lretl
planets :rle kn,lr,n to orbit stars other than the Surr. They rvere idcntifiecl
mainly hy the srrbtle pLrlls thct' irtrpirrt on their l-iost stirrs. M()st of these
planets are rnirssive girs gi:rnts, like Jupiter. But ne\v sp:rcecraft srrch us

Keplcr, lar-rr-rchetl in 2f-)09, irre vying to detect smirller plirnets irround other
stars thirt might he like Earth.

Another definition that has l.eer.r calle.l into rluestion larclf is rhat .rf a star'.

Stars are balls of giis, likc thc Sun, that irre big cn,rugh tt.' har-e icnitrrl
nucleirr firsion ir-r the ir cores. This crrergl, nrakes the star shine. But it isn't
ol.r'ious rvhcre the .livision is betu'een plirnetary-sized halls of gns like

Jupiter, nr-rcl the sntallcst, rlimmest stars, like brou'n clrvart,s. Un-ignitcd st:rrs

:rncl even free-floatir-rg planets mav litter space.

{;,..T 
"aq* 

,nid. pxt$ $:$'ffi}H:hffiffifl$ $g$'s**a



Heliocentrism
Nthough we now know the Earth and planets go round the
Sun, this was not accepted until clues were amassed in the
lTtlr century. It shattered our worldview: humans were not
centrally placed in the universe, counter to the prevailing
philosophy and religion at the time. Similar arguments about
mants place in the cosmos rumble on, from creationist dogma
to rational aspects of cosmology.

Early societics litcrally wanted the univcrsc to re'u'olve anrund thcrn. In
antiquity, motlcls of the cosnos plirced the E:rrth nt the centrc. Evcrything
else ra,,liatc.l or.rt iiorn that. All the heavcnly boclies, they in-raginetl, were

afflxecl to cryst:rl spheres that spun about the Earth causing thc sttrrs

pinr-red upon thcm, or reveale.l thror-rgh tiny holes within them, to circle
the north:rncl sor-rth celestial poles cach nigl-rt. The place of humans trs key

to thc universe's rnachinations w:rs assurecl.

Yct there rverc clues tl-rat this cotnfrrrtirrg rnodel w:rs it-tcorrect; ancl tl-rcy

l'ravc pu::led natural phikrsophcrs frrr generations. Thc idca that the

hc:rvcr-rs rev,rlve abotrt thc Sun rrrther thirn the Earth - a heliocentric
rno.lcl, nfter tl.re Clreek u'or.l hclio.s ftrr the Sun - was suggcstctl by ancier-rt

Circck philosophers as carly:is 270nc. Aristarcl-rus of Satnos u'ns one rvh,r

convey,gd such ic'lcas in his writings. Aftcr calculating the relativc sizcs of
tl-re Earth and t1-re Sun, Aristarchus rcalize.l that the Sru-r r.vas mtrch the

larger. It m:rde rnore sense frrr thc sn-r:rller Earth to tnove , rathcr than the

biggct Sun.

Pt,rlemy in thc sccond century used m:,rthcmatics to preclict thc triotiot-ts of
the sturs unrl 1-,lirrrets. He di.l so rcuson:rb1y r.r'ell, brrt therc u'crc obvious

fattcnrs that his eqLurtions cor.rld not mirtch. Thc m.rst pu:zling behaviour

Ancient Greeks propose
heliocentric model

Ptolemy adds epicycles to
explain retrograde motions



is that plancts occnsionnlly reversc tlirection retrogradc n)otion. Ptolernv,

who imaginctl like those beftxe hini thnt the planets turned on virst circullr
wheels in thc sky, inventecl an cxplanation by aclcling cxtru cogs to thcir
orbits. Fle suggcsted that the plirncts rolletl irrour-rcl srnallcr rings as they
travellecl along the ir n'rain track, likc a girrnt cl,rckrvork c()ntraptit)ll. Thcsc

superimposcd 'epicycles' gnvc tl're irppeilrirnce of the 1-,lanets' occasionai

backu'artl looping motions.

This irlea,rf epicvclcs stuck, and rvas rcfiuc.l in later years. lhilosophers
were ilttracterl to thc irlca that natltrc f:tvourecl perfect geomctries.

Ncvertheless, :ls astr()n()l-ners nreasurecl thc plrrnets' t'novenents ttl()re
:rccurrrtely, tl'reir cLrckwork urathetniitical prcscril-rtions increasingly failed

to explirir-r therri. As their clata iupro."'cd, tl're tliscrep:rncics only grew.

Copernicusts model Hcliocentric itluts
u'cre occasior-rirlly tnrrrterl ()\'er thc ceuturics,

hut they \\'ere n()t takctr seri,rrrsly. Thc
E:rrth-cer-rtrccl vieu' prcvailed by ir-rstinct,

anrl alternative thcorics were tll()r.lght
arbitrary rnincl play. So it u'as n()t until the
l6tl-r century that the crrr-rsccyucuces of the

Sun-ccntre.i rn,r.lel r,r'crc fr-r lly tleve l,1,e,,l.

In his 1541 book IJe Rctrlutiatibu.s, Polish

ilstron( )l)rer N ico litus Oopcrn icus wr()tc Ll( )\\r11

a mathemirtically .lctailc.1 hc Iioc-e|rtric
motlcl, cxplaining tl-ic pLrt-rcts' [,acku'arcls

motions as a projcctitrn of tl-reir tn()vculcnt
rrr,rrrn,,l thc SLrr-r as vie'uverl lrorn a sitnilarlv
circlins Earth.

{F'ina,fly we stra,ll place the Sun
nimseU at-the centrebf the Universe.S

Copernicus publishes
heliocentric model

lHi**laus f; *Ssr*micn*s

Galileo discovers Jupiter's moons;
Kepler models orbits as ellipses

Galileo put on trial for
teaching heliocentrism
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Nrc0t AU$ S0pERNtcus {t47s*t54s}
Born inTorun, Poland, Copernicus
trained to become a canon, taking
classes in law, medicine,
astronomy and astrology. He was
fascinated by, but critical of,

Ptolemy's ideas about the order
of the universe, and instead

worked out his own system
where the Earth and planets

rotate about the Sun.

Copernicus's work De

Revolutionibus Orbium
Coelestium (On the Revolutions
of the Heavenly Spheresl,
published in March 1543 - just

two months before he died - was
groundbreaking in the

establishment of the Sun-centred
universe.Yet it is still far from the
ideas of modern astronomy.

By challcnging the universal pre -eminence of hr-rmans, Copernicus'.s rnotlel
l-rad conscquences. Thc estahlishctl Church anc-l society favourctl Ptolemy's
Earth-ccntlecl view. Oopernicus r.r'irs ciiuri()us rrnJ cleliryed publication of his
rvork until the year of his death. His posthurnr)us :trgument w:rs recei,u'ecl ancl
quietly put to one sicle. It fbll to n rnore striclent figure to carry the baton.

Galileots conviction Italian asrr()n()mer Galileo Galilei nororiously
cli:rllenged thc Rornan Cirtholic ChLrrch by charnpioning heliocentrisrn.
His aLrclacity was backed up by obserr':rtions he rniide through the thcn
ne."r'ly tlevelopcd telescol.rc. Peering into the heavens with gre:rter clarity
than l-ris pretlccessors, Calilco firuntl e'u'itlence that thc Earth was nor
central to all. Jupitcr hacl moons orbiting it :rntl Venr-rs hir.l phases like the
Mtxrn. Hc published rhese cliscovcries in his 1610 book Slderoi.s Nancius, or
Starrl Messen.qcr.

(}xrficlent in his Sun-centred view, Galileo defendcd his argument in a

lctter to thc (lrancl L)uchess Christina. Having cl:rimed that it w:'rs the
Eartl'r's rotation that girr,c the trppearance of the Sun moving across the sky,
l-rc ftruncl hirnsclf surnrnoned r() Rorne. The Vatictrn concedecl th:rt his
ohserr.atitlns \\'ere true, becnusc Jesuit astront)frers saw thc sarne things
tl'rnrugl-r their telescopes. But thc Chtrrch refusctl r() accepr Galileo's theory,
stating th:rt it rvas just a hypothesis and cor-rlcl nor he taken literally,
horvever:rppealing it rv:rs in its simplicity. in 1616 the Church banned
Galilco flom tetrching heliocer-rtrism, and precludecl that hc 'holcl or
clefer-rcI' that c()ntcntioLrs itler.
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f,ft is surely harmful to souls to make
it a heresy do betieve wha,t is proved.$

ffftlilf;n fffilil*i

Keplerts reason Nleanwhilc, a Clennan astronolner was irlso working
on the rnirthe tlntics of planctary rnotions. Johannes Keple r trrul.lishctl 1-ris

an:rlysis of thc pirth of Mars in the btxrk Astrorutnianot'rr (1609), in the

s:llne ye:rr that Galileo took up his telcsco1.,e. Keplerftrur-rd that an cllipse

rnther th:ln a circle gavc a better clescriptiot-t of tl-re rc.l plat'ret's orbit abotrt

the Sun. In frce ir-rg l-rirnsclf frorn perfect circles, he tnovctl l.e1,or-rcl

Copernicus's motiel ar-rcl improved the predictions f..rr planetary tnotions.

Although nou con-title re.l a lrasic lal' of physics, Kcpler's visiou rvits

a.ivanced ftrr its tirne irnd totrk a Lrng tirne to bc accepte.l. Calileo, ftrr one,

took no noticc.

Althor-rgh rcstrictecl, (lalilco rernaine.l ccrtain that his Sun-centrctl
cxpl:rnation wils true. Askcd hy L'ope Urb,rn Vlll to write a balanccd

acc()unt of both sirles, in Diaktgue tf the two utrrld .s1.stems O:rlile,r upset the
pontiff by cxpressing ir biirs for histru'n rriew over th:rt of tl're (lhurch. The

V;rtican agirir-r surntnor-retl hirn to Rotue irnd ptrt hitn on triai in 16.1 1ftrr
brc:rking his ban. Clalileo u'as placed uncler ht,use arrest f()r the rest of his

liic, d1,ing in 1642. A firrmal :rpology frotl the Virticirn w:rs only ma.lc fottr

ccnturies later, in the run-up to the publiciltion anniversar-v of l-ris

c()ntcntioLls b(x)k.

Gradual acceptance Evitler.rce tl-rat the heliocer-rtric r''iew of thc solar

systen was c()rrect accumulitted steadily ()ver the ccnturies. Kepler's

ru'rechanics of orbits rvirs ftrun.l to hold trnd also influencecl Newtot-t's theory

of gr:rvity. As further plrrnets wcre cliscovere.l, tl-re fact that they orbitetl the

Sun was obvious. M:rn's plnce ilt the centre of things is no longer ter-rablc.

.tufom 
##Rkm#Rkffiffi*H kq"'Hmam
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Kepler's laws
Johannes Kepler looked for patterns in everything. Peering at
astronomical tables describing the looped motions of Mars
projected on the sky, he discovered three laws that govern the
orbits of the planets. IIe described how planets follow
elliptical orbits and how more distant planets orbit more
slowly around the Sun. As well as transforming astronomy,
Kepler's laws laid the foundations for Newton's law of gravity.

As thc l.lane ts orbit irroun.'l thc SLrn, the ckrsest ()nes rn()\'c nrorc quickly
irroun,-l it tl-r:rn those further:rway. Mcrcury circles tl'rr- Sun in jLrst 80 Eartl-r

tlays. If Jr-rpitcr travellecl at the s:rmc spccd it rv,rul,-l take:rbout 1.5 Earth
yeirrs t() c()mplete:rn orl.it rvhen, in f:rct, it takes 12. As all the plancts
swccp p:rst cach other, rvhen vicu'cd fi'orn tl're Earth son-re irppcar t()
h:rcktrack as thc Earth rnoves firrrvrrr.ls p;151 theur. ln Kepler's tirne thcsc
'retnrgratle'rnotions r.vere a rnajor pr-rzzlc. lt rvas solving tl'ris puzule that gir.,'c

Kel.ler tl-re insight to dcvclop his tl'rree liirvs of planctrrry rrrotion.

Patterns of polygons Kcpler was ur Cerrnan mathcn-urtician r.vho

livcd in tl're late l6th anrl c:rr'1y 17th centuries, a timc u'l'ren astr()logy wirs

taken very seriotrsly uncl astror-r,ny as a pl-rr,sicirl scicrrcc was still in its
ir-rfirncy. Religious anrl spititual ideas u,ere jLrst:rs import:rnt as olrsen'atrolr
irr revcaling n:,Lture's laws. A ntystrc rvho believetl that the Lrr-rtlcrlying
stnrcture of thc r-rnivcrse r,vils built frorn pcrfcct geonetric firrrns, Keplcr
tlcvotell hls life t() trying t() tease out the pittrcrns of irrugi|recl perfect
polyuons hiclden in n:rturc's works.

Kepler's u,ork camc :llmost :r century after Polish i.lstr()n()lner Nicolirtrs
Oopernicrrs prol-roscd that tl-re Strn lit-s irt thc ccntrc of the uni','erse ant] thc
Earth orbits tl're Sun, rirther than thc other u'iry ar,rund. At first, Keplcr

Pythagoras states that
planets orbit in perfecl
crystalline spheres

Ptolemy suggests
epicycles for
retrograde motion

Copernicus proposes r

that planets orbit the

Sun
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atlrptecl Copernicus's hclioccntric i.lea,
helieving that thc plancts movccl rouncl the
SLrn rn circular orbits. He envis:rgctl :r

systcur in wl-rich thc plancts' orbits lay

r.l'ithin a series of ncstctl crystal
s;,I-reres spirced ircc.rrrling to
rn:rthernatical rirtios. These sculings

we rc tlcrivctl from tl-rc si:cs of a series of
polygons u'ith incrcasing numbers of sicles

thrrt fittcrl rvithin thc spl'rcrcs. Tl'rc idea that
nlrtrrr('\ l:rus L,ll,tu.',1 hlr.it Ht',rrnctrir r;ltio:
originatccl u,ith t1-rc irncient Greeks.

Tif ing trr rno,lel the orhits of the plrrncts t() supp()rt his gcomctric irlcas,

Kepler used t1-re rn()st :,rccLrrate clata avaiLrble intricate tahles of the
plancts' rnotions on the sk1', painstakingly f,repars.l by Tycho Rrahe. lr-i
thcsc colurnns of nunrbers Kepler saw patterns that rlirtle him revise his

thoughts :,Lncl sugeeste.l his three lau's.

Kcplcr got his brcirktl'rroLrgh by disentangling tl-re retrogrirde rnotions of
Mars. Ever-v so oiten the rctl plirnct woulcl reverse its path on the sky nncl

perfrrnn a srnall loop. (Jopernicus had rno.lc1lc.l thc loops by adding to thc
rnair-r orbit srnall extra turns frorn circulirr 'epicycles' supcrirnposed on it.
But Kepler firunrl that his irccurrrtc nc\\ lncirsllrcnicnts f:rilc,-l tc, rnatch thosc

SIt suddenly stnrek me that thet tiny pa&,
pretty a.nd blue, was tJre Earth. I put up my

thumb and shut one eye, and my thumb
blottd out the pla,net Earth. I didn't feel

like a gia.nt. I feft very, very sma.ll.F
l\leilfinmstpnlt$

ha.l

Kepler publishes theory
of orbits as ellipses

Newton explains Kepler's
laws with gravity

Tycho Brahe maps the
planets'positions

NASA launches Kepler satellite to
detect planets around other stars
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KeP ler's Laws
First law: planetary orbits are elliptical
with the Sun at one focus. Second law:

a planet sweeps out equal areas in

equal times as it orbits the Sun. Third
law: the orbital periods scale with
ellipse size, such that the period

squared is proportional to the major
axis length cubed.

predictions. Seekir-rg another explanation he
1-rad the brainwirve that the b:rckward loops

"vould 
fit if the planets' orbits were clliptical

irr..rund tl-re Sr-rn and not circular as had becn
thought. Ironicalll, this meant that nature
clid not ftrllow perf-ect shapes, as Kepler hir.l
first irnagir-red, but l-re r.vas brave cnough to
irccept the evidence :rnd change his rnind.

Orbits h-i Kepler's first law, he note,-l that
the planets move in elliptical orbits '"r,ith the
Suri ut one of the tu'o fbci of the ellipse. His
secon.l law descrihes how quickly a planet

n-roves around its orbit. As tl're planet progresses along its pirth, it su'eeps

trut nn e.1ual arca scgmcnt in ar-r equirl tirne. The segment is me:rsurecl using
tl're angle drau'n betrvecn the Sun antl the planet's nvo positior-rs (AB or
CI)), like a slice of pie. Bcc:trse the orbits are elliptical, when the plar-ret is

ckrse to the Sr-rn it nceds t() c()ver a lirrger disttrnce to sweep ollt the samc

irrea than when it is furthcr away. So the planet rnoves iaster ne:tr the Sun
than w1-ier-r it is distant. Kepler's secon.l law ties its speed u'ith its distance
fiorn tire Sun. Although he clidn't re:rli;e it at the time, this bcl'rilviour is

ultirnrrtely duc to gravity accelerating the planet faster r.vhen it is near tl-re

Sun's m:rss.

Keplcr's third law g()cs one step further again antl tells us how thc ,rrbital
perio.ls scale up frrr diffcrcnt-sized ellipses at a range of distanccs fi'om thc
Sun. It states thirt the sqr-rares of the orbital periods irre proportion:rl to the
cube power of the longest axis of the elliptical orbit. The larger rhe
elliptical orbit, t1-re slower the period of tirne taken to complcre an orbit. So
planets furtl-rer from the Sun orbit more slowly than nearby plancts. Mars
t:rkes ne:rrly two Earth years to go around the Strn, Saturn 29 years :rncl

Neptune 165 ye:rrs.

{ffe are jrrs,t an advaneed hreed of monksgrs
on a minor planst of a very a,vor&go stfi,r.

But we can undorctand tho univerco. Tlhnt
rnrkcff un snmnthing vory smeoia,l.tt

Stephen Hawftin$
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(l moasurd the skiec, now the shadows
I mmasuro, $ky-hound rnras tlre rp:ind,

ear,th-hound the hody rests.t
Kepler's nnitaph

]n these three iau's Kepler managecl to clescribe the orhits of ail thc planets
in or-rr sol:rr system. His ltrws :rpply equally to :rny borly in orbit irround
:rnother, lrom comets, asteroitls irncl moons in our solar system to planets
around other stars and even artificial satellites u'hizzing trrouncl the Earth.
Four centuries :rfter he proposecl them, his lau's are still a rnainstay of
physics. Moreover Kepler w:rs aheacl of iris time in th:rt he r.l'as one of the
first to use the scientific methocls that lve use today - to make and analyse

rrhser\ atiL)n5 trr te:t thcrrrics.

Kepler succcederl in unifying the principles into geometric l:rrvs but he tlid
not know why these laws he1d. He believe.l that they arose from the
underlying geornetric piltterns of nirture. It took Newton to unify these lau's

into ir univers:rl theory of gravity.

J(IHANNES IGPTER I 57I-T S3tl

Johannes Kepler liked astronomy from an and analysed Tycho's astronomical tables, l

earlyage,recordinginhisdiaryacometandpublishinghistheoriesofnoncircularorbits,
a lunar eclipse before he was ten. While and the first and second laws of planetary i

teaching at Graz, he developed a theory of motion, in Astronomia Nova \New l

cosmology that was published in the Astronomyl.ln 1620, Kepler's mother, a I

Mysterium Cosmographicum \The Sacred herbal healer, was imprisoned as a witch l

Mystery of the Cosmos). He later assisted and only released through Kepler's legal I

astronomer Tycho Brahe at his observatory efforts. However, he managed to continue :

outside Prague, inheriting his position as his work and the third law of planetary

lmperial Mathematician in 1601. There motion was published in Harmonices Mundi

:::_::_:_:::::::::::_ ::_:_':::::::_'* . * . * ",,j

tlxm ffiffinktr$ffiKkffiffiffi *ffimm
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Newton's law
of gravitation

Isaac Newton made a giant leap when he connected the
motions of cannonballs to the movements of the planetso
thus linking heaven and Earth. His law of gravitation
remains one of the most powerful ideas of physicst
explaining motions both in our world and across the
universe. Newton argued that all bodies attract each other
through the force of gravity, and that the strength of that
force drops off with distance squared.

Thc i.lea of grar''ity supplr5ellly cllnc t() Nervton wlren hc silr'llll applc lall
fr()rn il trcc. We rlon't kr-rorv if tlris stery is trr.tc, httt Ncrvtgt-t strctchetl his

irnagiuittion frorn cirrthly to hcavenly motions to u'ork oLrt l-ris llrw of
sr:n,rtation. Ilc perceivcd th:rt objects \\'ere iittr:lctetl to tl-rc groltncl by sotne

accclcmtirrg firrcc. If applcs frrLl fr,rrn trces, what if the trec \\'cre everr

highcrl What if it reacl'rc.l to the Moonl Why .Lrcsn't thc Moon frrll to the

Eurth like an lpplel he wontlerecl.

All fall down Nc'"vton's ;rns\r'cr lay first in his lau's of tnr.rtion linking
iirrccs, rnass :rnri acceleriltion. A hall blastetl frotn :r c:tt-tt-t,ru travels ir cert.titt

.listance betorc falling to thc grour-rtl. Wh:rt if it u'cre fire.l tnt,re quicklyl
Then it u',rul.l travel further. lf it r'r'irs fired so f:rst that it tlirvclled flrr
cnough in a straight linc thirt tl-re Earth cttn'c.l awity l,eucath it, wl-icrc

wt,irl,.l it irll? Ne',vton rcali:eil tl-rat it tvoul.'l bc ptrlled tos'ilrtls Earth lrtrt

rv,,rrld thcn folkru, a circLrlar orbit, just like l sirtcllite constatrtIy being

pullctl but r-rever rcaching the groLtnrl.

Aristotle discusses why
oblects fall

Kepler reveals the laws
of planetary orbits
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Whcn Olyrlpic hiltnrner-throwers spin on their hcels, it is thc ptrll ()n the

strins that kccps the h:unuer rotlting. Withotrt this prrll the harnmcr wotrlcl

fly off in a straight line, just:rs it clocs on its relc:rse. lt's thc strtne u'ith
Ncu,ton's cannonball - without thc ccr.rtrally clirccted ftrrcc tying tl-rc

pnrjcctile to Eirrtl-r, it r.r,or-r1.1 fly' off into space. Thinking firrther, Ne1r'tott

rc:rsone.l tl-rat the Moon also l'rangs in the sky bccirttse it is held by the

invisiblc tie of gravity. Witl-rout gr:rvity, it ttxr woul.l fly ofF into spirce.

ISAIG NEWT(IN IF43-1}27
lsaac Newton was the first scientist to be

honoured with a knighthood in Britain.

Despite being 'idle' and 'inattentive' at

school, and an unremarkable student at

Cambridge University, he flourished

suddenly when plague closed the university

in the summer of 1665. Returning to his

home in Lincolnshire, he devoted himself to

mathematics, physics and astronomy, and

even laid the foundations for calculus.There

he produced early versions of his three laws

of motion and deduced the inverse square

law of gravity. After this remarkable outburst

of ideas, Newton was elected to the Lucasian

Chair of Mathematics in 1669 at iust 27 years

old.Turning his attention to optics, he

discovered with a prism that white light was

made up of rainbow colours, quarrelling

famously with Robert Hooke and Christiaan

Huygens over the matter. Newton wrote two

major works, Philosophiae naturalis principia

mathematica, or Principia, and Opricks. Late

in his career, he became politically active. He

defended academic freedom when King

James ll tried to interfere in university

appointments, and entered Parliament in

1689. A contrary character, on the one hand

desiring attention and on the other being

withdrawn and trying to avoid criticism,

Newton used his powerful position to fight
bitterly against his scientific enemies and

remained a contentious figure until his death.

SGravity is a
hsbit that is hard
to shal*e off.'
T*r-ry Fratehutt

Inverse square law Ncwt,rn tl-rcn triecl to qr-rttr-rtify his

prcrlicti()ns. Aftcr exchiu'rging lettcrs n'ith l'ris c()ntelnp()1'ary

Robcrt Hrxrkc, hc sh,ru'c.l that gravity tirllou's ltn itrvcrse

sclulrrc law - the strength of gravity tlccreases l,y the sqr-rarc of
tl-re tlistancc irotn a hody. So if yoLr trirvel ftvicc st,tne dist:rtlce

Newton's Principia
is published

Einstein publishes the
special theory of relativity

Einstein publishes the
general theory of relativity
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from a body, its grarvity is fcrur times less; the gr:rviry'
exertecl by the Sun u,'ould be fcrur times less frrr a

planet in an orbit twice as far from it irs the
Earth, or a planet three times distant rvould

experience gravity nine times less.

Ne."vton's inverse square law of gravity
explained in one equation the orbits of all
the planets irs described in the three laws
of Johannes Kepler (see p.14). Newron's

law predicted that the planets travelled
more quickly near the Sun as they followed

their elliptical paths. A planet feels :r stronger

Acce(erat,on
On the surface of the Earth the

acceleration of a falling body due
to gravity, g, is 9.81 metres per

second per second.

gr:rvitational force from the Sun when it travels
ckrse to it, which makes it speed up. As its speed

increases, the planet is thrown away from the Sun again,
gradually slowing back down. Thus Newton pulled together all the earlier
work into one profound theory.

Universal law Generalizing boldly, Newron then proposed th:rt his
theory of gravity applied to everything in the universc. Any body exerrs a

gravitational force in proportion to its mass, and that force falls off with
distance squared. So any two bodies artract each other, but because gravity'
is a weak force we only really observe this for very massive bodies, such as

the Sr-rn, Earth and planets.

If we look closer, though, it is possible to see riny varitrrions in the local
strength of gravity on the surface of the Earth. Because massive rntruntains
and rocks of differing density can raise or recluce the strength of gravity near

them, it is possible to use a gravity meter tn map
out geographic terrains ancl to learn :rbout the
structlrre of the Earth's crust. Archaeologists also
sometimes use tiny gr:rvity changes to spot buried
settlements. Recently, scientists have used

gravity-measuring space satellites to recorcl the
(decreasing) arrount of ice covering the Earth's
poles and also to detect changes in the Earth's
crust following large earthquakes.
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{Svery ohjeet in tho universo att'rantc
evorJr other ohj,eet along a lino of th# centren
of the obiects. nromr,tfomal to oach objoet'sof the ohjoetc, proprtional to each objoet's

mllfirs, ffi inversefy prognrtiomal to thq
ryuare 6f trm dintanmil fietfreen tho obieotc't

lsaac Newton

B:rck in tl-ie 17th century, Neu,ton poured a1l his ideas on gravitation inttr
one bocrk, Phtlosophiae naturalis principia mathematica, knor'vn as the Prrncipia.

Published in 1687, it is still revered as a scientific milestone. Newton's

universal gravity explainetl the motions n()t only of planets and mtlons but

:rlso of projectiles, pendulurns and apples. He explained the orbits of
conets, the formation of tides and the wobbling of the Earth's axis' This
work cernented his reputation as one of the great scientists of all time.

Relativity Newton's universal law of gravitation has endr'rred for

hundreds oi years ilnd still toclily gives ir basic descriptittn of the rnotion of
bodies. However, science does not stand still, and twentieth'century
scientists have built upon its foundations, notably Einstein with his theory

of general relativity. Neu'tonian gravity still u'orks well ftrr most objects we

sec and for the behirviour of planets, comets and asteroids in the solar

system that are spread over large distances frttm the Sun where gravity i5

rel:rtively ivcak. Although Newton's law of gravitation was powerful enough

to predict thc position of the planet Neptune, discoverecl in I846 at the

expected hrcation beyond Uranus, it was the orbit of another planct,

Mercury, th:rt required physics rnore advanced than that of Newton. Thus
general relativity is needed to explain situatir-rns where gravity is very

strong, such as close to the Sun, stars and black holes.

frkm ffinlxxffiffirffiffiffim $ffimm
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Newton's theory
of optics

Astronomers reveal of the universetsAstronomers reveal many of the universets secrets by
exploiting the physics of light. Isaac Newton was one of the
first to try to understand its nature. Passing white light
through a glass prismo he found that it split into rainbow hues
and showed that the colours were embedded in the white light
rather than imprinted by the prism. Today we know that
visible light is one segment of a spectrum of electromagnetic
waves, stretching from radio waves to gamma rays.

6r,ignt
brings us

news of the
Universe.*
$in Williann [na$$

Shi.re. bcam of white ligl-rt thr.ugh a prisrn antl the err.rcrgir-rg ray spre.cls
.ut into a r:rinhou'.f c.krurs. Rai.ho*'s in the sky appear in the same rv:ry:
sunligl-rt is split by watcr rlroplers into the frirniliar spccrrurn of hues: rerl,
orangc, velltxv, green, lrluc, incligo ancl violet.

Experirner.rting with light bearns ancl prisrns in his r..rns ir-r thc 1660s, Isaac
Newt.n clern.nstrated that light'.s nany c.Lrurs co.1.1 be mixetl t.gethcr t.
firrrn rvhite light. C-'olours u'ere thc base units ratl.rer than being macle hy
later r.nixing or by tl-re prism glass itsclf, as h:rtl bcen thougl-rt. Newton
scparirted bcums of recl ancl bluc light:rn,-l shon,e.l that thesc single colours
werc not split further if they werc p:rssed throtrgl-r rnr)rr [.risms.

Light waves Experinrenting furtlrer, hc conchrded thirt lighr belrrrves in
I'nilrly ways likc u'ater u'aves. Light bencls irr.urcl ohstacles i^ a si'rilar way
t() scil wav.:s llLoun.l a hltrbour u'ali. Light bcilms ctrn also l.e ir.1.1e,,1 togcthcr
to reinfirrce or cancel nut their hrightness, :is ovcrlapping water r.vuves c|r.

Christiaan Huygens publishes
a wave theory of Iight
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ln the sanre way that wilter waves are lirrge-scale motions of invisihle
water ur()lecules, Neu'ton believed that light waves were ultirnately
ripples ,rf minuscLrle light particles, or'corpuscles', which were even
snraller than irtorrrs.

What Newton did not knou', somcthing thar was n()t tliscorrcrccl r-rntil

ccnturics lirtcr, is that light \\'ilvcs rlrc clcctronragnetic wirvcs waves of
cor-r1.,1c.1 clcctric irntl magnctic fickls lnc'l not the reverberirtion oisolitl
particlcs. Whcn the clectrorn:rgnetic wavc heh:r'u'iour of light rvirs

tliscovcrctl, Ner.r'ton's corpuscle itlelr w:rs put ()n ice. It was resurrected,
horvc.u'cr, rn a new forrn u'hen Albcrt Einstein showed th:rt light r-nay nlstr

|;,11L:.:,,-"timcs 
like ir strcirtn of Pirrticlcs th:rt can carry energy but have

Across the spectrum Thc
cliffcrcr-rt colours of light rcflcct tl-re

.liffcrcnt rvavelcngtl-rs of thcsc
clectromagnctic w:n'cs. Wrvclcngth
is thc mc:rsurctl tlistancc bctu'ccn
conscclrtive crests of il wave. As it
passes thr()ugh a prisrn, tl're wl]ite
light separates into rnany hues

hecarrse each hr-rc is .leflectcd to r,r differcr-rt .legrec by thc glass. Thc prism

l.er-r.ls the light u'irves by an angle thirt cleper-rds or-r thc rvavclcngth of light,
where re,,l light is l.ent least ancl hlue lrr()st, t() pr,rclucc thc ririnbo'"v cokrur
seqr.rence. The spectnrrn of visible ligl-rt appears in orcler of rvavclcngth,
fi'orn rcd lr'ith tl-rc longcst throLrgl-r grccn to blLrc with thc shortcst.

What lies at eitl.rer encl ..rf the ririn[rou'J Visihle ligl-rr is jr-rst one part of thc
electrornagnetic spectnnn. It is irnport:rnt to us because our eycs havc
developed to use this sensitive pilrt of the sccluence. As t1-re rv:lvclcngths,,f
visible light are on r,rrrghly the same scille :rs at..rrns irn.l tnolcculcs
(huntlreds of billionths of a rnetre), the interactions hetrveen light an,-l

irtorns in a mirterial irrc lurgc. Our eyes har,c cvoive.l to Lrse visil.lc light

Alexandre Becquerel
observes the
photoelectric effect

James Clerk Maxwell's
equations show light is an
electromagnetic wave

Wilhelm Roentgen
discovers X-rays

Einstein shows light can
behave as particles in
some circumstances
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l.ecausc it is r,'ery sensitivc t() irtol'nic structure. Newton was firscir-ratetl by

hor.r'thc eye u'orke.l; hc cven stuck a darning needle round thc bLrck of his

()wn cye to see l-rorv frcssllre nfl'ecteJ 1'ris perccption of col,rur.

Bcyond re.l light conics infraretl, n'ith wavclcngths of rnillionths of ir tnetre.

Irrfrared r:lvs carry the Sr-rn's warmth an.l are also collcctcrl by r-right-r'ision
gogglcs to 'see' the l-reat fnrm botlies. Longer still arc uricrowirves, rvith
millirnctrc-to-centilnetre wavclengths, and raclio r.vaves, n'ith u'avelcngths

of nctrcs and longer. Micr,ruaYe r)\'ens Lrse tnicrorvave electrotnagnctic rirys

to sp111 thc wilter rnolecules u'ithin fooc1, heating them up. At the ()ther end

of tl-re spcctn-un, beyon,-l blue, come s ultrtrr.'iolet light. This is emittecl bv the

Sun un.l can ilirrnage our skin, although mr:ch ..rf it is stoppecl by tl're Earth's

o:orre Lryer. At cvcn shorter u'irvelengths :rrc X-rtrys use.l ir-r l-rospit:rls

becarrsc thcy trin'eI through hutnan tissue and at thc smtrllest l'l'ar,elengths

are galnrna r:rys. Astror-lrrners look at the universe at al1 these u'avelengths.

Photons But light cl,resn't ah.vays behave like a u'irve Nelvton w:rs

partly rigl-it. Ligl-rt rays ,,Lr carry cnergy tl-rat is clelivercd in tiny packets,

callctl pl-rotor.rs, rvhich hiLvc n.., lnilss anLl trirvel at the speed of light. This
rvas rcrrlize.l by All.ert Einsteir-r, who saw that blue trnd ultraviolct light
shone r.l-r to il tlctal set up irr electric cLlrrent the photoelcctric eff'ect.

The ctrrrents arc generatecl when tnctuls are illurninilted by blue or

tultraviolet ligl'rt, but n()t reLl lighr. Evcn a hright bearn of rc.1 light fails to
trigger a current. Charge tlows only rvhcn the light's freclueucy excee.ls

;
I
i
i

$a1-lar uraves
ln 1924, Louis-Victor de Broglie suggested

the converse idea that particles of matter

could also behave as waves" He proposed

that all bodies have an associated

wavelength, implying that particle-wave

duality was universal.Three years later the

matter-wave idea was confirmed when

electrons were seen to diffract and

interfere just like light. Physicists have now

also seen larger particles behaving like

waves, such as neutrons, protons and

recently even molecules including
microscopic carbon footballs or'bucky
balls'. Bigger objects, like ball bearings and

badgers, have minuscule wavelengths, too

small to see, so we cannot spot them
behaving like waves. A tennis ball flying
across a court has a wavelength of 10-34

metres, much smaller than a proton's

width (10-15 m).
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(Nature and natureb laws lay hid in nighti
Gbd said "Let Newton be" and bll was lig-ht.!

Alnxander FnSe (uerrvton'$ cpitaph)

sorne threshol.l, lvhich varics frrr different me tu1s. The thresholtl indicates

thirt a ccrt:rin am()Llnt ,rf cncrgy neecls to bc btrilt trp beftrrc the chtrrges can

hc .lislodgecl.

In 1905, Einstein c:u'ne up rvith:'L r:rdical exl.rlanation. It w:rs this work,
rather than relatii.'ity, that won him the Nobel Prize in 1921. Rathcr tl.rirrt

hathir-rg the rnetal u'ith continuous light waves, he suggestecl that in.livitluaI
photon bullets l-rit clectrons in tl-re mct:rl inttr tnotion to procluce thc
photoelectric cffcct. Becir,-rse each photon crrtries a certain encrgy, sc:iIing

u'ith its orvn fiequency, thc burnped electron's ellergy irlso scales with the

light's frecluency.

A photon of recl light (with a Lrw frcqtrency) c:innot c:rrry enough cnergy t()

clislodge an electnrn, but a [,lue photon (light with a higher trequcncy) has

lrort: cnergy ancl can sct it rolling. An ultr:r."'iolet phtlton has more cnergl
still, so it can sl:rn-r into an electron ancl donate evcn lnore speetl. Tirrning
up the brightncss of light ch:inges nothing; it docsn't mattef thirt yotr havc

rnore recl photons if each is incapable of shifting the electrons. It's like firing
ping-pong b:rlls at a u'eighty sports utility vehicle. Einstcin's ideir of light
quanta was r-rnpopulirr irt first, but the clim:rte irlterecl when cxperinents
showecl his w:rck1' theory to be tnre. They confirrnecl that thc energies of
the liberate.l clectrons scaled proportionally with the frequcncy of light.

Wave-particle duality Einste in's proposal r:riserl the ut tcon'iftrrtable

idc:r that light was both a r'r':ivc irnd tr ;.,article, cirlled w:rve-pnrticle .ltrality.

Physicists are still stnrggling u'ith this tension. Tirday, lve evcn understancl

that light set:ms to knorv rvhcther to behave rls one or the other under

.lifferent circutnst:tnces. If yotr se t up an expcriurcnt [r) lrlcrtsltrc its wavc

froperties, such as passing it through a prism, it behirves as a w:,rve. If
insteircl y()Lr tr)' to lneasure its particle properties it is similarly obliging.
It is truly both.

&*x"m #ffiHk#ffiKkffiffiqH $#wma
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The telescope
Modern astronomy began with the invention of the telescope
in the lTt}n century. It opened op the solar system to view,
revealing Saturnts rings and allowing the discovery of the
outer planets. Telescope observations were crucial in
confirming that the Earth orbits the Sun. Eventually it gave
access to the entire visible universe.

(lalileo r,r':rs fanlrr-rsly oue of thc flrst nstronotners to look through a

tclcscopc, using its rnirgrrificirtion in 1(r09 to tliscor.'cr fotrr of Jupiter's
rn()()ns, Verrr.rs's 1-,I-rases ancl craters,rf thc Mtrou. Yct he u'as just follori'irtg
thc iashiorr.

No intlivirlLral is credited with the invention of thc te-k-scope. l)utchmiu-r

Hans Lipperhey wirs ()ne of tl-rc filst t() :rttcrnpt t() patent a telescopc .lesigt-t

in 160E, lrut hc rvas unsucccssful beciruse the concept r.r'as alrc:rdy rvitlely
knolr,r-r. The nragnifying p()\\'er of trnnsparent natcriul r.l'ith cr-rrved surfaces

rv:rs i,icll rccoguiuctl; an.l tl're lentrl-shal.ctl'lens'hircl becn in r-rse in
magnifying glasscs an.l spectacles at least sincc thc 1jt1-r century. Rec,rrc'ls

sh,ru' tl-i:rt te lcsc.rpes lurcl [.een built an.] usecl to ltrrk at thc Moon in the
mirl 1(rth cclrtllry, l-,trt rlevelopnrents rn glass-rnaking rnc:rnt that rluality
instrurncnts only became u,iclespreacl ir-r tl-rc lTth cclltur-v. (loocl lenses

pr,rclucecl clean irnages, evcu of fait-rt hcru'er-rlv ho.lies.

Magni$ing power Hon'cloes a telescopc workl Thc sirnplest versiort

uses t$() lcnscs slotted:rt either encl of a tuher. T1-ic first lens squee:es rays r)f

ligl-it inu,ar.ls so thirt the eye perceives them as conring iiom ir larger s()rrrcc.

Thc sccon.l lcns ncts trs :rn eyepiece, rlakinu tl-rc iight r:rys l.,nrallel agair-t

bcfirrc tl-rcy cnter the eye so thirt they can bc frrcLrsc.l.

Galileo used a telescope
for astronomy

Newton builds a

reflecting telescope
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The hending of rays hy the lens is callcd rcfraction. Lrght
traverls lnore skl.vly in .lenscr m:rtcrials, such :rs glllss,

compared witl-r air. This cxplains the rniragc of :r puclclle on
a hot road. Rn1'5 1rl.l'n the sklt bentl to skin-r thc roacl's

surfirce because light cl-ranges specd in thc laycr of hot :rir
lying just above thc sun-b:rkctl aspth:r1t. Hot :rir is less tlense

than coolcr :rir, so the light bencls arvay from the vertical
and wc sce the sky's reflection on the tarmac, lurking like
:r rvct pLrddle.

Thc anglc by which a ray bends is relatecl to the relative speecls at which ir
tr:rvcls in thc two rnirterials technically, the ratio of the spceds givcs thc
rirtio ()f the sine of the incident angles, tneasure.l fron-i thc vcrticirl. So for a

ray leaving air firr glass, antl othcr dense substirnccs, it is bent ir-rwarcls and

it: 1t;11 l1 ht'r'oIltt's Sl r't'1r1'p.

Refractive index Light travels at a wl'ropping jOO rnillion lnctrcs
per second in crnpty sp:rce. The r:rtio of its r,'elocity in a clenser miltcriill
such :rs gl:rss to that in rr vircuurn is called the refractive inclex of the
mrtcrial. A r':rcuurn has, by definition, a refractive index of 1;somcthing
u,ith a refractive index of 2 r.voultl slow light to hnlf its speeil in free s1.race.

A high refractive inclcx rre:rns that light bcn.ls :r lot :rs it passes through
the suhstnnce.

6,We s€ pa"st tims
in a telescope and
prcsent tims in a
microceotrp. Henee
the a4parent
enormities of the
present.'
lfictsr lltt$n

Retiactir,'e ir-rdex is a frr()perty of thc matcrial itsclf.
Mnte rials can he clesignecl t() possess spccific rcfirctivc
irrdices, lvl-ricl'r nay bc uscfr-rl, for cxirmple, rvhet.t

designing tclcscol-,cs or lenses for glasses tr) c()rrect
gohlcms with sorneone's vision. The pou'er of lenses irnd
prisms tlepentls on their refr:rctive ir-rclex; high-powcr
lcnses htrve higl-r refractive indices.

Rcfracting telescopes r.l'ith two lenses have drawbircks.

Thc final ilnage appears upsidc .Lrwn, bccar.rsc thc light
ril)'s cross over bcf,rrc thc-v rcach thc evepiece .

REFRACTOR

BEFLECTOR

Eyepiece
Holder

Secondary Mirror

Primary Mirror

First purpose-built radio telescope Hubble SpaceTelescope launched
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Keck
[4auna
Kea,
Hawaii

{exrsling)

I

I

/\
\t_,/

Giant Magellan
telescope
Las Campanas, Chile

Thirty meter
telescope
Mauna Kea. Hawaii

European extremely
large telescope
Location to be announced

For :rstronom), this usu:rlly

isr-r't :r pr,rhlerni :ls a stirr

kroks rnuch the sarne

uFsidc d()w11. lt c:rn he

correcterl by including a

thiltl lerrs ttr invert the
imrrge agirin, but then the
telcsct,pc ciln bec()lne l(x1g

antl cumhersonre. Second,
itnJ rn()st prot lemirtically,
retracting telescopes

pr()rluce ltlurrt.l c,rLu.rr

irn:rges. Because clifferent
10 metres 24 metres
(33 feet) (80 leet)

42 metres
{138 feet}

n avcler-rgths of light irre refrtrcte.l b1' cliflerent arn()unts - bluc light lr,alcs arc

l-,ent rn,rrc than red light waves - the cokrurs sefarate out uncl the finill
inr:rge Lrscs clirritl. Nclr tvpe,' of lenscs that irre available tot1a1'ciru luittitni:c
this, but their size is limitecl.

Reflecting telescope To solr,'e these prohlems, Newton invented the
rcflccting telcsc,rpe. Using a curve.l mirr()r rather than a lens to ber-rcl tl-re

light, hc essclltially folclcrl thc telescope in half, rnirking it easie r to hanclle.

I-lis tlesisn also avoicletl the .lifferential blurring becilrse the mirrorerl
surfirce rcflects all cokrurs of light in the samc way. Howcver, mirror
silvering techniqtrcs \\'ere n()t aclvance.l in Neu'ton's ,lav, irnd it trrok
ccnturirs for tl're clcsign to be perfected.

To.lay, tn,rst plofessirrnal irstmnotnical t.elescrtpe. use a gilnt nlirror,
rirthcr thnn :r lcns, tr., collect celestial light an.1 bounce it L.ilck to the
eyepiece. Tl.re size ot the mirror dictates hor.v rnuch ligl-rt can be collected -
n hig :rrel lets -vou seL'\'ery i,11n1 lrfjects. The rnirrors in modern optical
telcscopcs can be thc size of a rooln - tl-re largest cllrrcntl)'in usc, such as

those in the tu'in giant Keck telcscopes trn Miruna Ke:r, Hilwaii, are art,und
l0 metres acrtrss. Evcn bigger ones up to 100 lnetres in cliirmeter irre

plar-rnetl ir-r the comir-rg .lccircics.

Vclv largc mrrrors are dilficult to l-uilcl. They t ecoure so heavy tl'rat their
slrape distorts when the telescol,e tilts to scan the sky. Clever construction
methods are needed to make them as light as possihle. Sone are built in
many segmcnts; others are caretirllv spun so th:rt they arc thin vet

30 metres
(98 feet)
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,, '. , *Wrere there is
:l(Ltlfilfcl) srllll'lerl. AII llllefn;ltl\'('\(rlLlll(rll, tilll('\l il\lill)tl\f :_^

oprics', is t. c.nsta.tly c.rrect the mirr.r's ,rtrn.' iir,l;';- 
- an ob$grvatory

net\\'()rk,:ri 11111' pistons gluc.l rrn.lcrucath to pushl.,p tl'," r,,.fn.," a'nd a teles.e-Ope,
vn'hen it s:rgs. Iitle eXpe'et tha't

any eyes will
Twinkling stars Bevor.r.l thc tclescr,lcs tl'rctnselves, tl'rc See ne1;7 1pgflds
claritv of ast-tr,,ntlnic,rl itn:rgcs is rlegratlctl bv turbttlettcc iu ,rttr at Oneg. S
:rtniosphere. On cven tl-re clclrrest r-rigl-rt, stilrs tu'ir-rklc. Those ncrtr

thc lr.ri:.r-r nr inklc 'r.''c 
rh,u thosc .r,'crhcarl. Thcr, r1o s,.r $B*#*-:l' iitrlc* i frl*f'+i;*t*

l.ccausc ,rf ptrcke ts of ltir utoving in frout of tl'rern. Astrot-trltncts

clll thc [.lurrir-rg ,.rf stlrs l.y our attn,rsl.hcrc 'seeing'. Thc si:e of
tl-rc ol-rtical c()lnp()nclrts ir-r tl'rc te lescope rt1s..r gives:tn:tl.s,,ltrtc limit trr tl're

c()lrccntrlti()n,rl strrrlisht tlr.re to:u-rothcr hel'raviour of ligl-rt,.litfritction - tlrt'
ber-r.ling of light rir-vs irrounrl tl-rc etlge of ll leus, iltrrcrtttrc (rr lllilr('|r.

To gct the sharpcst itnages of stars anrl plaucts, ilstr()n()lnefs cl-r,.rt,sc spccill
krcrttiot'ts firr tl-reir telesco1.c5. ()r-r tl-rc sr-trfitce,rf thc Eilrth, thcl'hLriltl tl-rcnr

or-r high sites where tl're lir is tl-rin, strch as tlt()tlltt:ti11s, itntl lit'tlou'is
srnooth, such ls ncar the c()i'tst. The l.est sites inclutle t1-re Cll-rtle:u-r Arl.les

irnrl Hau'irii's volcirnic pcaks. The trltituirte site is in space, rvhere there is ntr

Lltlnosfllcrc. Tl-re deepcst irnages cver taken of the universc hirve becu trut.le

h\, the ,,rhiting FILrhl.le Spacc Tclescope.

Telescope5 cilr ()lcrate at n'irvclcngths othcr tl-ran tl-rc visihle lar-rge . h-rfraretl

light, ..rr heat, cun hc .'letectccl rvith ir-rstrtnncnts that arc like night-r'ision
goggles [i()unterl ,rn telesc,rpes, irs long irs the eqttipment is kept cool.

Becausc of their vcrv short r.r':rvelengths, X-ra-vs are hcst pursuecl tn spilce

usu-rg satellitcs lvith reflcctive optics. Even radio waves citn l.c cletecte.l

lith largc single dishes, such as thc one irt Arcciho, which has appearc.l in

Jarnes Bon.'l fihns, or rrrrals of mirny stnaller rtntennae, such as the Vcrv

Lirrge Arr:r-v in Ner.r' Mexico, \\'hich feirtured tn C--onmd. Pcrhirps tl-rc

ultirnate tclesc,rpe is the Earth itsclf funclat'r-icntal particles ',vhiz tl-rrotrgh it
cver1, jny, irntl pl'rysicists have placccl traps t() tr-v to catcl-r thetn as they clo.

w$eq* ffi{:}ffi}"ffiffis*.ffiffi# "{fl"€fr*,mr
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Fraunhofer
lines

Within the spectrum of starlight lies a chemical fingerprint.
Dark or bright lines signpost specific wavelengths that are
absorbed or emitted by scorching gas in a starts atmosphere.
First noticed in light from the Sun, these atomic markers are
a powerful tool for astronomical detective work. They have
revealed the chemical make-up of stars and galaxies as
well as the motions of celestial bodies, and the expansion
of the universe.

If you p:iss sunlight tl-rrouglr a prism, the ririnbolv spectnlln th:rt elrcrgers is

striperl l.ry a scrics of .lark lincs, like a l,ar c.r.lc. Tl.rev nrark particulirr
.,r'avelcngths of light thtrt ure cht4.pe.l out because they ure abs,rrbcd by

girses in thc Sun's atniosphcre. Each Iine corrcsFontls to a particuinr
clreuiicll cle rne nt seen in vuriorrs strltes anrl energies, from neutr:rl llt()lls t()

e-rcitetl ions. By ml4rping tl-re pattcrn of the lines y()r.l ciln work or-rt tl-ie

chernistr'1' of thc' Sur-r.

Alth...,Lrg['r slrottcrl by English astron()urer Williarn Hydc Wolhston in 1802,

ll.sorptior-r Iir-rcs in tl're solar spectnu)) wcre first examinecl in tlctail in lE14
[,v top Gerrnan lcns-rnaker Joseph r',rn Fraunh,rfer, after t'hom tl-re]' irre

narned. Hc u,as:rhle to discern ur,,re than 500 lir-res; ri'ith rno,-lt'rn

crpiprnent we c:rn tlctect mirny th,rusan.ls of thern.

Unique chemistry (lcmiur chemists Grrstirv Kirchhoff antl Robcrt
Bunsen r.l',rrkecl out in their l:rborirtory in tl're 1350s that cacl-r clement gir,es

risc to ir unirluc lir.l.]cr nattcm rrf absr>rption lines. ]n thc Srrn, hr,.lr,rgur is

Fraunhofer measures
hundreds of lines

Wollaston sees dark lines
in the Sun's spectrum
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thc rnost c()lnnr()n clernent, nnd tl-re solar spectrurn als,r shows

:rbsorption from rnanv others, irrch-rding heIiurn, carb,rn,
ox\rgcn, s..rrliurn, calciurn irnd iron. E:rch has its owr-r irhsorprtiorr

linc bar cotlc.

Slt is ttre stars,
The stars above
tls, govern o-ur
oonditions.!

Thc light from orher stirrs irlso carries chemical imprints. lfifillifi*i $hAlq$SpFapg

The stu.ly of spectral chemistry, knor.r'u as spcctr()scopy, is rur

especially l.or'verfirl technirluc itt ustronottty l.ccausc it rcvcals tl-re

lnliteriill that nlakes Lrl st:lrs :rn.l also ncbul:rc, plirnctary atrnospheres

ar-rd clistar-rt galiLxics. Astronorncrs c:rn't bring stars ant'l galirxies into
their lahoratt)ry, ()r travel to thcnt, so tl'rey lTrlrst 1'cs()rt t(] rcnlote
obsen'ations ancl clever techniclues.

Souretirnes these lirres appenr brigl'rt rather than dark: these :rre knorvn as

e nrission lir-res. Very bright sor,rrces, such ils the h()ttcst stars rln.l ltuninous
quirsars, are so energetic tl-rat their gascs try to cool clown by releasing
phottx'rs at these chilracteristic wuvclcngths rirthcr thiln :rhsorhing tl'rem.

Fluorescent lights als..r emit a series of bright lines that corrcsl-,ond to tire
wavelengths of excitecl atorns in tl-re girs in the tube, such:rs nc.rn.

Gratings Tir split lieht
into its c()nstrtlrent
rvlvelengths, devices

knt,u'r-r iis gratings are

oftcn usetl. R:rther thirn
glass prisms, which nrc

t ulky an.l limited in the
anl()r.lnI l.v whicl-r rhel'
can hen.l light by tl-rcir

rcfractivc ir-rtlcx, r,r

o

o I' it'iti
, LI.

li.

',,iil,iii
wavelenqth

c()lrrf()ncnt with a rorv of par:rllcl nirrrow slits cr-rt int.r
it is inscrtcd into thc light bcam. Fraunhofer mirile thc first
grating fnrm aligr-rctl lvircs.

Doppler explains
shifted spectral lines

Kirchhoff and Bunsen discover
spectroscopy in the lab

Vesto Slipher discovers thal
galaxies are redshifted
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Gratings u',rrk beciruse of thc ri'ave properties of light. Light p:rssirrg

through each slit of the grid is sprcirtl ()Lrt by clithactitrn, 1[.' irm()unt hcing

lroporti()nal to the wavelength of the light htrt inversely frLrpix11,,r.t,,1 t.,
the rvitlth ol tl-re slit. Vcrl' narrow slits sprea,-1 the lighr ()ut rn()re [.nratllv;
irnti retl llght is cliffiacterl rn()re rhan hlue light.

Tl'rc nrultiplc slits c,rrnbine rhe light firrther usir.rg iurrrthcr lrr()fert)',
intcrfercnce -u'herc pe:lks and tr()ughs of light u'ilves either reinfotce trr

cancel cuch trther trut t() create a sufeqr()sed piltte rn ,rf light an.l dark
fringes. Witl'rin each of these tiinges thc llght i: splil 

"""r.t 
rnore tinely;

aglin scrrling u,ith wirvelcngth hrrt this time inversclt'Iir()p()ltionirl t() the

Jistant:c betu.een the slits. By c.rntrofling the nr-rmher of divisions, tl-rcir

.scpar:rtion irnrl u'idth, a-str()n()nrcrs ciln cr)ntr()l the amount lr1'uhich the
light is slreird out, ar-rcl the finesse u'ith u'l'rich they can prolre absorpti,rn
iurd emissrt:n line.-.. Gratings ilre theref()re nuch r-nr.re l.orverful ,ur.l

verstrti le than prisurs.

A sirnplc grating c:rn bc mir.le fnrm a photogrirphic slitle u'ith slits etched
into it; thel'are s()nletinles sol.l in science museuln shops. lf 1'1,,, put ()l1c up

t() a neon light, yttu u,ill see the btrr-code war.'elcngths of the hot gils spread

out in titxrt of ytrtrr cye.

Diagnostics Spectrirl lir-ies are rli()re than chemical intlicators. Becirusc

each line corresp,rnds to a pot,i.utor:rtot-tiic state, their',1'avelengths are

very ueI known tiom lahoratory experintents. Eacl'r line's charircteristic

J(ISEPH U(lN TRIUNHI|ITR 1787-1826

Born in Bavaria in 1787, Joseph von

Fraunhofer rose from humble beginnings
to be a world-class optical glass-maker,

After he was orphaned at the age of 11,

he became an apprentice glass-maker.

When the workshop he was apprenticed

to collapsed in 1801, he was rescued by a

Bavarian prince who saw to it that he was

allowed to study. Learning his speciality

at a top monastery, Fraunhofer became a

world-renowned maker of optical glass

and instruments. His scientific career was

illustrious; he became director of the

Optical lnstitute, a nobleman and an

honorary citizen of Munich. But like many
glass-makers of his day, he died young,

at the age of 39, due to poisoning by

heavy metal vapours.
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(Unqfr I oamo horo, I knour no&; rmhore
I sba,ll go it is useless to inqrdre - in t'hc
midst of m5rriads of the fiving and the
doad worldc, stars, systems, infinity,

why shoufd tr bo a,nxioutr ahout an atom?S
Lord Bynon

energ)' originates in the structure of the atorn. Although in reality they are

much rnore cornplicated and ephemerirl, atr-,ms can be thought of simply in
a similar way to our solar system. The nucleus, comprised of weighty
protons and neutrons, is like the Sun; and the electrons are like the planets.

Absorption and emission lines arise when planets mol'e from one orbit to
another, u,hen energy in the forrn of a photon is either applied or taken out.

Absorption happens when :r photon of the right energy comes in and

knocks an electron to :r higher orbit; emission when an electron falls to a

lower orbit by donating the extra energy to the photon. The energies

required to move between orbits are precisely defined, and depend on the

type and stirte of the atom. In very hot gases, the outer electrons may be

stripped ofT altogether - the atorns are said to be ionized.

Because of their origin in fundamental physics, spectral lines :rre sensitive tcr

man)r aspects of the physics of the gas. Its temperature can be deduced frorn

the broadening of the lines, such that hotter gas produces broader 1ines.

Ratios of spectral line strengths give further information, such as the degree

of ionization of the gas.

Another use fnr spectral lines is to measure the motions of celestial bodies.

The u'avelength of a particular line is accurately known, so any slight shifts

in that line may indicate movement of the source. lf the entire star is

moving au'ay from us, then its spectrum shifts to the red due to the Doppler
etTect (see p.32-35); towards us then it shifts to the blue. The amount of
the shift can be rneasured by looking at spectral lines. On a grander scale,

these 'redshifts' have even given away the expansion of the universe.

ths ffiilmdsffistrS tdem,
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has been used
redshift - the

Doppler effect
Wetve all heard the drop in pitch of an ambulance sirents wail
as it speeds past. Waves coming from a source that is moving
towards you arrive squashed together and so seem to have a
higher frequency. Similarly, waves become spread out and so
take longer to reach you from a source that is receding,
resulting in a frequency drop. This is the Doppler effect. It

to measure speeding cars, blood flow and - as
motions of stars and galaxies in the universe.

Thc l),rppler cfhct u'as pnrp,rsecl by Ausrriitn urrrthcrnirtician antl
astr()n()mer Christian Doppler in 1842. It arises beclrusc ttf thc rnotion of
the crnitting vchicle relative to y()r.r, rhe observer. As the vehicle
approaches, rts sountl waves pilc up, the clistance betu'ecn each u,ave{irrnt is

scluashccl irnd the souncl gets highcr. As it speeds aw:ry, rhe wavetionrs
cor-rsistentl_v takc a littlc. l,xrger to reach you, the ir-rtervals get longel i,urd

thc Ii1r-h tlrops. Soulrcl wilves irrc pulses of cornpressetl air.

To and fro Inragine th:rt sorneor.rc trn a rnovirrg train is throrvilrg balls to
1ou coutinuull,v at a trequency of one ball evely three .sec()nrls, fronlptcrl lry
theil uristwltcl'r tirner. If they are ruotoring towurrls t'ou, it u'ill ahvai's takc
a little less thnn tlrree sec()nJs f,rr thc halls to rrrrive bccuuse they:rre
launchecl a little closcr to you eirch time, so the rate u ill secur tluicker trr
the catcher. Sirnilarly, as rhc trilin lD()ves ilwa), the balls talie slighrl)' l()nger
to arrive, travclIing :r little extra distance erlch thr,,w, so thcir :rrrir,'irl
frequency is lower. lf you cor-rlcl measure that shift in timir-rg u'ith your rrrvn
r.vatch, then v,ru cou[d work out the speed of the throwcr's train. The
Dopplcr effcct irpplies to any objects moving relativc ro ont' :rnother. lt
uoulcl be the'sarnc- if vou u'cre nroving on the train irnd the hall thrrrlysy vu';15

Doppler presents his paper
on colour shift in starlight
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Ex-t-ra-so (ar p(ana-t-s
More than 200 planets have been

discovered orbiting around stars other than
our Sun. Most are gas giants similar to
Jupiter though orbiting much closer to their
central stars, but a few possible rocky
planets. similar to the Earth in size, have

been spotted. About one in ten stars have
planets, and this has fuelled speculation that
some may even harbour forms of life. The
great majority of planets have been found
by observing the gravitational tug of the
planet on its host star. Planets are tiny
compared to the stars they orbit, so it is
hard to see them against their star's glare-

But the mass of a planet swings the star
around a little, and this wobble can be seen

as a Doppler shift in the frequency of a

characteristic feature in the spectrum of the
star. The first extra-solar planets were
detected around a pulsar in 1992 and
around a normal star in 1995. Their
detection is now routine, but astronomers
are still seeking Earth-like solar systems and
trying to figure out how different planetary
configurations occur. New space

observatories, such as Nasa's Kepier
spacecraft, which was launched in 2009,are
expected to identify many Earth-like planets.

r:!ryrs1@Yil+e+Frffia.t+rrsF4ffii%qlsireiri,4at#4ffi+g&4p.@+siffi1r*t+qr8+f!jqi+f:r$*?$r4@ry

stancling still on tl stutionirry platfirrrn. As :r u,ay of mc:rsuring spectl, the
Doppler effcct has rntrny applic:rtions. ]t is used in rnedicine to measure
blood flow anrl also in ro:rtlsicie ratlars that catch speeding tlrivers.

Motion in space l)oppler efTects :rlso appeirr freqtrer-rtly in astronomy,
showing up whcrever thcrc is mo'"'ing matter. For cxample, light cornir-rg
from a planct orbiting a tlistant star woulcl show Doppler shifts. As the
planet rnoves towirrds us, thc frecpency rises, irnd :rs it spins away, its light

(ferha,ps when dista.nt people on other
planets piek up some wavelength of ours
all they hear is a continuous screa-ur.!

lris Mundach

Vesto Slipher measures
redshifts of galaxies

First detection of an extra-solar
planet by the Doppler method
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Christian Doppler was born into a family

of stonemasons in Salzburg, Austria. He

was too frail to continue the family
business and went to university in

Vienna instead to study mathematics,
phiiosophy and astronomy. Before

finding a university job in Prague, he

had to work as a bookkeeper, and he

even considered emigrating to America.

Although promoted to professor,

Doppler struggled with his teaching

load, and his health suffered. One of his

friends wrote: 'lt is hard to believe how
fruitful a genius Austria has in this man.

I have written to . . . many people who
can save Doppler for science and not let

him die under the yoke. Unfortunately

I fear the worst.' Doppler eventually left

Prague and moved back to Vienna. ln

1842, he presented a paper describing

the colour shift in the light of stars that
we now call the Doppler effect: 'lt is

almost to be accepted with cedainty
that this will in the not too distant
future offer astronomers a welcome
means to determine the movements

and distances of such stars'. Although
regarded as imaginative, he received

a mixed reception from other
promi nent scientists. Doppler's

detractors questioned his mathematical

ability, whereas his friends thought
very highly of his scientific creativity
and intuition.

ilr

frequency drops. I-ight fr.rm the irpproaching planet is said to be

'bLueshifted'; as it moves away it has a'redshift'. Since the 1990s, hundreds

of planets har.'e been spottetl around distirnt stars by fin.ling this patterr-r

imprintecl in the glorv of the central star.

Reclshifts can arise not only due to planets' orhital motions, but illso frorn
the expansion of the universe itselt, when it is called cosrnokrgical redshift.

lf tl-re intervening space be tween us and a distant eaiaxy swells stear'lily as

the universe exp:rnds, it is equivnlent to tl-ie g:rlaxy rnoving awav from us

rvith sorne speed. Similarll', trvo dots on a balloon being inflated look as if
they are movir-rg apart. Consequentlv the galaxy's light is shifted to lower
frequencies because the rvaves must travel further anc'l further to reach us.

So very distant galaxies krok redder than ones nearby. Strictly speaking,

cosmological reclshift is not a true Doppler effect bec,ruse the receding
gaiaxy is not actually moving relative to any other objects near it. The
gaiaxy is fixed in its surroundings and it i-s the intervening space that is
actLrally stretching.
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Tb his credit, Doppler
himself saw that the Doppler
effect could be useful to
astronomers, but even he

could not have foreseen how
much would flow from it. He
claimed to have seen it
recorded in the colours of light
from paired stars, but this was

disputed in his day. Doppler was an
irnaginative and creative scientist, but sometimes
his enthusiasm outstripped his experimental skill. Decades

later, however, galactic redshifts were measured by astronorner

Vesto Slipher, setting the stage for the development of the Big

Bang model of the universe. And now the Doppler effect may help
identify worlds around distant stars that could even turn out to harbour life.

Doppler Shift due to
Stellar Wobble

bafin',t,on of radsh'rf-t-, z
Redshifts and blue shifts are

expressed in terms of the
proportional change in the
observed and emitted
wavelengths (or frequency) of an

obiect. Astronomers refer to this

scaling using the dimensionless
symbol, z, such that the ratio of
the observed to emitted
wavelengthequalsl+2.

Redshifts, so defined, are used as

shorthand for the distance to an

astronomical object. For a galaxy

with z = 'l for example, we observe

its light at twice the wavelength at

which it was emitted. Such an

object would be about half way

across the universe. The most

distant galaxies known have

z = 7 - 9, corresponding to around

80% of the universe. The cosmic

microwave bakground, the most

distant thing we can see, lies at

z/approxl 000.

the cffirrd.ense$ id.em,
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Parallax
How far away are the stars? The parallax method uses the
fact that nearby objects appear to whiz by faster than more
distant ones when seen from the moving Earth. The slight
shift in the positions that results tells us that the closest stars
are more than a million times further away than the Sun from
Earth. Most are located within a disc that forms our own
galaxy, which we see projected as a band on the sky that we
call the Milky Way.

Oncc it l.cg,ur t,,, bc applgcislgtl tl-urt tl-ie stilrs \\rere n()t pinpricks in glass

sphcres t ut myriirds of distarrt sut'rs, the rl(resti()n atose of h,rt'far lway tltcy
lre. Thcrr p;rttems $-cre irssigne'tl n:rmcs as constellirti,rns - such ls Orion
tl-re I{Lrntcr, Ursir Major the Great Beirr an.l (-lrux Australis tl'rc Soutl'rern
(iross but thc qucsf ion ..rf htlv thcl irre .listribute.l in splcs has t:rken
cetrtttrics t() iills\\'ct"

Thc first clr-re is tl-urt thc strrrs iirc n()t sfrcatl uniforrnll on thc sky, '"r'ith the
grcirt nrirjority lling in the p,rle l.antl thirt'"r,c call thc Milky w*ay. lt is

l.rightcst iu thc sorrthcrn hcnrisplrerc, especirrlly ttelr thc constclLrtiot-t
SrrgittariLrs, rvl-rcle the titneless vier,v is llso l...rckurarkecl witl-r black clorrtls

anrl l.r'igl-rt tir::y patchcs call,:d r-rcbulae. We krlx,r' totlay that tl'rc bantl of t[rc
Milkl, Way consists ,ri hillions of f:rint stitls, l.lrrrrctl t()gcthcr l.y oul cl'e:. lt
\\'e n)al) thcse positiLrns in rnore tlctail, n'c see tlrat thc stuls clr-rruI togcther
ir-r spipnl irnns; hke st,:r1. su.ls swirling rrround u bathroou'r pluglrole, tl-re Milkv
Way's stirrs spilrl ahout the centre of our galrrxy, pullccl h1'gravity. The Sun is

sitLrlrte.l ()lt ()ltc of thesc sf,irul ilntts, il-t it tluiet galactic sulturlr. Brtt hou,u'its
tl-ris rvorkerl rrtrtl

The Milky Way Nunre.l in Lirtin as Via Lrctica, The NIilky Wirl intrigucti
thc iurcicuts. C)rcck pl-ril,rstlrl'rcr-s incltrcling Alistotlc itn.l Arurlgolrs

Digges proposed
method of parallax

Hooke detected shift in position
of .r Draconis
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\\lnLlered if it '"vas inclectl :r sea of .listant btrnting stars'

Btrt tliey ha.l no u'ay of .lissecting it. it wrrs n()t Lrntil 1(110,

u'l-rcn Clalilco applic.l his telescr4.tc, that thc ha;e was

blrkcn uf to rcr,eal nitrltitu.les ,rf it-r.livi.ltral stirrs.

The distril.Lrtion of stltrs in s|xcg in three Llilllellsi\)lls
uas pon.le re.l [.y philosophcr lurnranttcl Kar-rt. In a

rreatisc 1.,ublisl'rcrl in 1755 hc specul:rtcrl that the Milky
Wu1's stars lay in a giar-rt tlisc hel.l togcther lry tl-rc firlcc
of gravity, jtrst as the pllncts irt ortr solitr svstcnr orbit thc

Sun u'it1'rin a singlc plar-rc. The stars ftrrtu :t ban.l ircross

the sky becausc rvc are vicu'iug them frotn ,rltr locrttiLrt't

u,ithin that rlisc.

Arc saconds
Astronomers measure distances

in the sky using pro.iected angles.

The Moon's size is about half a

degree. Degrees are subdivided
further into 60 arc minutes ('),

which are broken into 60 arc

seconds ("). So an arc second is

1/3600 of a degree.

In 1785, Rritish :rstr()ll()mcr Williarn Flcrschel mcrrtstrreLl thc shape of the

Milkl' Wa,v tlisc ir-r rletail i.y' l.ainstakinely sttn'cf ing htrn.lrc.ls ,rf strrrs.

l)lotting their fositions, he rcalise.l that there \\Icre lnillt]: tttore of thern irl
()nc pilrt of the skv thar-r iu thc op|1r5i1g tlirectiou. He strggcstetl that the

Sun l:ry to orrc sitlc of thc Milky Way.lisc, r'rot iu the c-entrc ils l'ra.l bcet.r

prcvi, rusl-v srti.1.r,se.l.

Far away AIth..rLrgli the strtrs werc'()ltcc thotrght to alI lic itt ithottt

thc saurc ,-listance tirrnr tl're Earth, astr,rn()tlters gradtltllly rcalisc.l

tl-rat tl-ris u'rrs Lu'rlikclr'. C)lctrrll' tht'1' u'crc r-tttevettll scirtterc.l' Islrac

Ncuton's tl-rcolv of grrrvity inr1.l1c.1 tl'rlt if thcv q'crc tltassivc thcy

rvt,ukl l.c.lrarvtr l,xvar.l ()llc illt()therr jtrst irs tl're pliurcts ilre ilttrilcted

to thc Sur-r. ilur hecause all the stars \\'crc n()t iu onc cltttnl., this

ilttnrcti()n rnust be r'"erk. Tl-rereti)rt: thc stars ltltlst lie vcry tiir ap:rrt.

By this reasonittg, Ncu,tott wrts ()nc,,f tl'rc first to reilli:c h..x.v clistrut

thc stars rciilly n'crc.

Astr()nol)ers s,lrght nrcth()rls tor tletemriuing the rlistilllce t() il star.

()ne u'ay u,as l.,ase..l on its brigl-rtncss if a star is as bright as thc Strn,

tl-rcrr its brigl'rtness sl-roul.l fl.lc by the stltt:trc ,rf its .listance. Using this

:.l-tqi
/,'i'

"ti/-{- a'D

Kant postulated that the
MilkVWay is a disc

Herschel measured disc
shape of MilkyWay

Bessel measured
pa ra lla x

Hipparcos satelltte
I a u nched
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TATSECS
Measurements of stellar parallax

are often defined as the difference

in position of a star as seen from
the Earth and Sun.This is
equivalent to the angle subtended

at a star by the mean radius of the

Earth's orbit around the Sun.The
parsec (3.26 light years) is defined

as the distance for which this
parallax is 1 arc second.

assumption, the L)utch physicist Christiaan
Huygens (1629-95) worked out how far away the
brightest star in the night sky', Sirius, was. By

adjusting the size of a tiny hole in a screen, he was

irble to let through exactly the s:rme amount of
sunlight as the star. After working out the hole's
size relative to that of the Sun, he concluded that
Sirius must be tens of thousands of times further
away. Newton later put Sirius's distance :rt a

rnillion times that of the Sun, by comparing the

star's brightness with a planet. Newton was ckrse -
Sirius is around half that distance away. The
vastness of interstellar space w:rs revealed.

Parallax But all stars are not exactly as bright as the Sun. In i573,
British astronomer Thornas Digges proposed that the geographer's method
of paraliax rnight be:rppliecl to the stars. Parallax is a shift in the angle at

which you vieu'a lirndmark as you move by it; if you are travelling through
a lanclscape, then the c()mpass beirring to a nearby hilitop alters more
quickly than the line to a mountain in the distance. C)r, in a car, nearby
trccs whiz past quicker than ones further ilw:ry. Ne:rrby stars, viewed frorn

the moving Earth as it follows its elliptical pirth trrouncl the Sun, should
therefore move back irnd frrrth in the sky by some tiny amount each ye:rr,

the amour-rt clepending on their distance lrom us.

Astronomers nrshed to try to .letect thcse annual shifts in the stars'

positions, both to measure the clist:rnces to them and to confirm the
heliocentric model of the solar system. Yet in doing so they founcl
s()mething else. In 1674, Robert Hooke publishecl such an offset in the
position of y l)raconis, a bright star th:rt passes overhead at the latitr.rde of
London, allowing him to make irccurirte ohservations through a specially
c()nstructed hole in his mof. In 1680, Jean Picard reported that Polaris, or
thc Pole Star, :rlso shifted its position by as rnr-rch :rs 40 seconds of arc each

ye:rr; antl John Flarnsteed, in 1689, confirmed it.

Curious ils t() what these me:rsurements meant, Jarnes Bracllcy rc-observed

and confirmed the seasonal motion of y l)raconis in 1725 and 1726. But
these shifts .lidn't krok like parallax: stars shoulcl shift by different ilmounts
depencling on their drstances, yet these were all shifting in the same way.
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R(IBERT HtlllKE T635-T7ll$

Robert Hooke was born on the lsle of Wight
in England, the son of a curate. He studied at

Christ Church, Oxford, working as the

assistant to physicist and chemist Robert

Boyle. ln 1660 he discovered Hooke's law of
elasticity and soon after was appointed
Curator of Experiments for meetings at the

Royal Society. Publishing Micrographia five
years later, Hooke coined the term 'cell', after

comparing the appearance of plant cells

under a microscope to the cells of monks. ln

1666, Hooke helped rebuild London after the

Great Fire, working with ChristopherWren on

the Royal Greenwich Observatory, the 
:

Monument and Bethlem Royal Hospital i
(known as 'Bedlam'i. He died in London in 

i
1703 and was buried at Bishopsgate in

London, but his remains were moved to

north London in the 19th century and their 
i

current whereabouts are unknown. ln 
i

February 2006 a long-lost copy of Hooke's 
i

notes from Royal Society meetings was

discovered and is now housed at the Royal

Society in London.

He rvas puzzled. A coLrple of years later, he realized what it was: just

as a u,ind vane on a rnrrst sl'rifts wl-ren the boat changes its clirection
of motion, to shtlr.v il cornbination of thc directior-rs of the win.] and
the hoat, so the motior-r of the Earth rvas varying horv we see the
stars. The stirrs rrll no.l slightly as we g(r round the Sun. This
suryrise cliscovery, callcd stell:rr aberratitrn, alsr.r confirrns that the
Earth orbits the Sun.

6u r ha,ve sG{Bn
ftrrthes it is by

on
thG
of giants.$
lsaac Newton

Parallax was not fotrncl r-rntil instrurnents bec:rme accuratc enough. The first
sr,rccessftrl lnea.sLrrenents u'ere ma,.lc bi,Frie.lrich Bessel in 1838 for the star
61 Cygni. Because the stirrs are so far au'ay, the parall:rx they show is very
srnall ancl har.l t.r meirsure. For cxamplc, oLlr nearest star, Proxima C)ent:rr-rri,

has a parallax less than a second of arc, some 50 tirnes smaller than its

aberratir)n. Tbclay, sarellites sirch as ESA's Hil.rparcos har.e measurecl

accurilte positions for 100,000 neighbourhood stars, allowing clistances to be

derived f.rr tnirnl'. Even so, partrllirxes ,rnly reach across about one lrer cent
of our galaxy.

th* ffiffirldffiffiffiffid id.mm,



40

The Great Debate
A meeting of two minds in 1920 set the stage for the greatest
change in mants thinking about the universe - the idea that
our galaxy is but one of many that pepper space. Just as big a
paradigm shift as the concept that the Earth goes round the
Sun, and that the Sun is one among many starso the Great
Debate set out the questions to be tested to demonstrate that
galaxies exist beyond the Milky W.y.

Hou'big is thc universe? In 1920 this question boilcd dorvn to knowing thc
size of the Milky Way. C)ver the previous centuries, irstronorne rs had corne
to terffis with the idea thrrt thc stars werc clistant suns, sirnilar t() ()rtr own,
antl wcrc spreatl across the sky in a flattcned disc configuration. The plane
of thc .lisc projcctetl on rhc sky formecl the bancl of the Milky Way, which is

also thc name we givc our gal:rxy.

Btrt tl-re Milky Way cctnsists of rnore than just st:rrs. It cont:rins many fuzzy
ckrucis, or 'nehul:re', such as the srnudgc that lies in the belt of rhe
constellation Orion, known as the Horsehead ncbula bec:rusc of the
equcstrian firrrn of a striking dark cloutl rvithin it. Most of thcse nebulrrc:rre
irrcgularly shapccl, but ir subset :rre elliptical with spiral pilttcrns
superirnposecl. A famous ex:lmple is thc Anilrorncda nebulir, in the
constellatior-r ()f that nanle.

Otl-rcr cornpt)rlcnts ()f the Milky \fay inclutle clusrers of srrrrs, such as thc
Plci:rcles, a gr()Lrp.f l.lue stirrs ernberl.le.l in fi-rzz that is tlisccrnihle with tl-rc
nakcd eye. l)enscr star clusters also pcl,per the sky, inclutling glrbulnr
clustcrs, lr'hich are conccntrateLl bnlls of l'runtlrc.ls of tlrousan.ls of stars.
Arouncl 150 gkrbular clustcrs :rre knor.vn in thc Milky Way.

Globular clusters discovered
by German amateur
astronomer Abraham lhle

Cepheid variable
stars discovered
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At the beginning of thc twcntieth ccntury, astron()rners \\'cre starting t()
map the gc()lnctry of the he:rvcns by piecing together the distributions of
thesc ohjects in three-clirnension:rl space. They sought in particular the
cletailcd shilpc of thc Milky Wiry, which w:ls then assumed to contain
c\'('rvlhing in thc krr,'wn urtiverse.

The debate On 26 April 1920, tw() grc:rt Arncricrrn astr()nr)lners went
l'read to head to .lcbntc thc size of t1-rc Milky Way. They met at the
Smithsor-rian Muscum of Natural History in W:rshington l)C, follou'ing a
rnet: ting of tl'rc US's National Acailemy of Sciences. In the audience werc
miiny tol scientists, allcgcdly inclLrcling Albert Einstein. The dehate is

cre.iited with sctting out thc logic th:it woultl precipitirte a change in our
unclcrstan,-ling of the scale of the universe.

First to spreak was Harlow Shapley, a bright y()ung astronorner fion Mount
Wilstxr Obscn'atory in Califrrrniir. He firced the more establishe.l ligurc of
Hebcr Curtis, direct()r of the Allegheny C)bsen,atorrr in Pittsbrrrgh,

Pennsylvru-ria. Tl-rc two presentcd their argunrents about thc sizc of the Milky
Wirl', basc.l ()n thc diffcrcnt rrstr()n()lnical virrdsticks in whicl-r they wcrc expcrt.

Shapley l-racl rneasureJ thc rlistrnccs to
gLrbtrl:rr cltrstcrs. Hc founrl thcy were

rnrrch ftrrtl-rcr a\vll),' th:ln hc ha.l
anticif:rtcd, inrplying that ()Lrr gilllrxv

was 10 rin-ics biggcr than hrrrl bcer-r

thotrghr - it u'ils sornc 300,000 liglit
ycurs ir-r .liarnctcr. He also sar'"' thirt
thcre rvere nrore glol.rrl:rr clustcls in
or-rer hah of the sk1' thirn tl-rc othcr,
intlicating that thc Strn lay firr fronr
the ccntrc - l-rc estimatetl it w'as

60,000 light ycirrs out, or about
halfrviry. Sr-rcl'r a picturc was shocking.
Tl-rc Sun wzls il1 avemge stirr, n,xvhere
tt\'irr thc Ltntrc { 'f tlringr.

Andromeda galaxy

Herschel catalogues and
names globular clusters

Henrietta Swan Leavitt
discovers Cepheid properties
that indicate distance

Shapley v. Curtis
Great Debate

Hubble measures distance
to Andromeda nebula well
beyond MilkyWay
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(fre adVanm Cur-tis, meanwhile, r.vas fcrcusecl on unclersrantling a different
Of Seientifi,G pr.blern the nature .f the spiral nehulae . The peculiar

knOWl@e characrerisrics of these strlrctured clor-rds led hirn and others t<r

dOSff IfOt SGIC111 bclieve that they were :L rlistinct class of ohjccts lying heyontl the

tO make eiths1, bor-rnclaries of the Milky Way. This helief fitted with the then

Otrtr1, ffnig61.66 111, irssutnecl small r:i.lius of the Milky \7ay.

our innsr lifu
in it lCfifi The clash.between the results of the twtr astron()mers suggested :'r

f major pr,rhlem thirt needed to be solved. Shapley's new

' measrrrcrncnts hr.l cxtenJt'.I rhe Milky Wiry hy such a large irrnrrunf
J.B.$. Haldang that the possibility that Cr-rrtis's nebulae lived or.rtsi.'le it rvas called

inro question. Nevcrtheless, the peculiar nebulire seemed ur-r1ike anything
else within ttre Milky Way. A closer look at the evidence was nee.lecl.

The arguments Both astronomers presented data to back up their
ideas. Shapley stood by his globular cluster disttrnce measurements,

concluciing that the Milky \7ay was so large that everything we see in the

night sky must be contained in it. His technique used a p:rrticular type of
variable star whose flashing period gives :rway its brightness - it is called a

Cepheicl variable stirr, after its prototype Delta Cephei. Essentially these

bright pulsating stars act iike light bulbs of known wattage, so the ir clisttrnce

can be ascertained.

Curtis was more cautious. He countered thurt the Milky Way couldn't be so

large - perhaps the Cepheid distances weten't correct - and thc prrrpertics

of the spiral nebulae were such that they must 1ie otrtside it. The spiral

nebulae behaved like miniature versions of our own galaxy. Like the Mllky
Way, they contained exploding st:rrs in similar numbers, they rotatecl in a

sirnilar way to our own, they were about the satnc size ancl sttne had dark

Lgh-f gears
A light year is the distance that light travels in one year. Light moves at a

velocity of about 300,000 km each second. So in one year, it travels

about 10 trillion km. The Milky Way is about 150,000 light years across;

the Andromeda galaxy is 2.3 million light years away.
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Astlronorurica (t^n''-ls
ln our solar system, astronomers sometimes use a unit of distance called

the Astronomical Unit (AU).The AU is defined as the average distance

between the Earth and the Sun and is about 150 million km (93 million

miles). Mercury is about 113 of an AU from the Sun and Pluto averages

about 40 AU from the Sun.

lanes across their longest axis, suggesting they were disc-like. They lottked

as if they were other galaxie s, implying that ours w:rs not the only one.

Who was right? The .lebate was a dr:rw; there was no cLear winner. Br.rth

lvere right in part, both wrong in some ways. Each was correct about his

ounr speci:rlity. Shapley's distances were about right. And the Sun does he

off centre. But lnore irnport:rntly, Curtis lr'as fundarnentally right that the
nebulae lie beyond our galaxy - they are 'island universes'. The prttttf came

in 1924, when Edwir-i Hubble combined both sets of evidence. He measured

the distance to the Andromeda nebula - one of olrr nearest ncighbour
galaxies - using Sh:rpley's technique with Cepheid variable stars, and ftrund

that it u'as much ftrrther away than the globular clustcrs. It was indeed well
beyonJ the Milky Way.

Implications Although thc debate was more an airing of arguments

than a sparring rnatch with a clear victory, it set out the questions that
astronoftrers needed to tcst. It was thus a ftrcal point for the transftrrrnation
of our thinking about the scnle of the universe.

Just as Copcrnicus knocked the Earth away from the universe's heart in
favour of the Sun, Shapley knockcd the Sun off centre in favour of the cttre

of the Milky Way. Curtis went even further and showed that the Milky
'Way isn't unique :rnd speciirl - it is hut one of billions of other galaxies.

Mankind's place in the universc really is precarious.

thm ffiffixl$ffirtffiffiffi $.d"mstu
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Olbers'paradox
Why is the night sky dark? If the universe were endless and
had existed for ever, then it should be as bright as the Sun,
yet it is not. Looking up at the night sky you are viewing the
entire history of the universe. The number of stars is limited
and implies that the universe has a limited finite and age.
Olberst paradox paved the way for modern cosmology and the
Big Bang model.

Yru rnight think that rnapping the er-rtire unive'rse and viewing its l-ristory

rvould bc tlifficult :rnd call for cxpensive satellites in spirce, huge telescopes

on reflrote rnountaintops, or:r br:rin likc Einstcin's. But if you g() ()ut on a

cle:rr night yoll can rn:rke an observirtion that is every bit as profountl as

general rclirtivity. Thc night sky is dark. Although this is something we take
for granted, the ftrct that it is dark :'rnd not as bright as thc Sun tells us a lot
irbout our universe.

Star light star bright If rhe universe were infinitely big, extencling
frrr evcr in all directions, then in every direction we looked we urrulcl
cvclltually see a star. Every sight line woulcl encl on a star's surface. Going
further away from the Earth, rnore irnd more stars woulcl fill space. It is like
kroking through a forcst of trccs - ncarby you c:rn distinguish indiviclual
trr"rnks, appearing larger the closer they are, but more ancl rnore distant trees

fill your vicw. So if the fcrrest was really hig, you woulcl not be ahle to see

thc lirndscapc bcyond. This is wl-rat wtrulcl happer-r if the universe were

infinitcly big. Even though the stirrs irre more widely spacecl than the trees,

evcntLrally there would be enough of thern to bkrck the entire view. If all
thc stars were like the Sun, then every point of sky would be filled with
starlight. Even though a singlc star far :rway is firint, there are rnore st:rrs at

Kepler notes that the night sky is dark
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that .listirnce. If you ac1,,1 up all ti-re light frorn
thosc st:rrs, they provicle irs much light as the
Sun, so the er-rtire night sky shoul.l hc as

bright as the Surr.

C)bvior:sly this is not so. The p:rra.1ox of
the dark night sky rvas notecl by Johannes
Keplcr in the 17th centr.rry, but only
fonnulated ir-r 182l by Gennan astr()n()nlcr
Hcinrich C)lbers. The solutions to thc
paril-Lrx :rre profound. Tl-rere are several

explzrn:rtions, and each one has elements of
truth that are now unclerstrxrd :rnt1 trdopted
by modern astr()n()mers. Nevertheless, it is

am:rzing th:rt such a simple observ:rtion can

tell us so rnuch.

*
t\

* *\**j*l

End in sight The first expliu'ration is that the universe is not infinitely
big. it must stop sornewhere. So thcre must be a limitecl numberOf stars in
it irncl not all sight lincs will find a st:rr. Similarly, standing neirr the edge of
the forest or in :r small woocl, yor: can see the sky beyond.

Anothcr explanation coulcl be that the more distant stars are fewcr in
number, so they clo not acld together to givc as much light. Becausc light
travels irt:r precise speed, tire light frorn,,listant stars takes krnger to reach

us than that from nearby stirrs. It takcs cight minutes for light to rcach us

frorn the Sun but firur years frrr light frorn the next nearest st:rr, Alpha
Centauri, to arrivc, :rncl as much as 100,000 ye:rrs for light to get to us fr(xn
stars ()n the other sicle of our ,.rwr-r galaxy. Light frorn the next nearest

galirxy, Andrornecla, takes two rnillion years to reirch us; it is thc most

clistant object we crln see with thc nirkecl eye. So as lve peer further into the

universe, we are looking back in tirne, and disti]Lt stars appc:rr younger than
the ones ne:rrby hectruse their light has travelled a long timc to reach us.

This corrld help us with Olbers'pirradox if tl'lrse youthful stars irre rarer'

Olbers formulates the paradox named after him Vesto Slipher measures the redshifts of galaxies
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barK sKras
The beauty of the dark night sky

is becoming harder to see due to
the glow of lights from our cities.

On clear nights throughout
history people have been able to
look upward and see a brightly lit
backbone of stars, stretched

across the heavens. Even in

large cities 50 years ago it was

possible to see the brightest
stars and the Milky Way's swath,

but nowadays hardly any stars

are visible from towns and even

the countryside views of the

heavens are washed out by

yellow smog.The vista that has

inspired generations before us is

becoming obscured. Sodium

streetlights are the main culprit,
especially ones that waste light
by shining upwards as well as

down. Groups worldwide, such

as the lnternational Dark-Sky

Association, which includes

astronomers, are now
campaigning for curbs on light
pollution so that our view out to
the universe is preserved.

than stars nearbl'. Stars like the Sun live for about 10 billion years (bigger

ones livc for shorter tirnes and srnaller ones for longer), so the filct that stars

h:rve a flnite lifetirne could also explain the paradox. Stars do not exist in
the very early universe because there is no time fcrr them to have been born.
So stars have not existed for ever.

Distant stars may also be fainter than the Sun because of redshift. The
expansion of the universe stretches light wavelengths, causing the light
fnrm distar-rt stars to appear redder. So stars a long way away will look a little
ctxrler than stars nearby. This could also restrict the amount of light
re aching us from the outermost parts of the universe.

\X/ackier ideas have also heen put forrvard, such as the distant light being
blocked out by soot from alien civilizations, iron needles or weird grey dust.

RLrt any irhsorhed light would be re-radiatecl as heat and so would turn up

elseu'here in the spectrum. Astronomers have checked the light in the
night sky at all wavelengths, from radio waves to gamma rays, and they
h:rve seen no sign ti-rat the visible starlight is blocked.
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(Woro tlho mrmoecnion d ctarn endteen, thnn
tJm baekground of, tbe s\r would present us
an unifuimr lrrminorcity, fik6 that-disDlavedan rurifuiml lu,minoci,ty,

Edgan Allan Poe

Middle-of-the-road universe So, the simfig otr5.-.t:rtion that rhe
night sky is dark tells us rhar rhe universe is not inflnite. It h:rs only existeJ
for a limited amount of time, it is restrictecl in size, and the stars in it have
not existed for er,'er.

M,rdern cttsmology is h2secl o1 these' ideas. The olclest stlrs we see are
around 1l billion years old, so we know the universe must have been
forlned befrrre this time. Olbers' paratlox suggests ir cannot be very much
ahead of this or we wcruld expect t() see many previtrus generelrions of st,rrs,
and we do not.

Distant girlaxies of stars :rre indeed redder than nearby ones, due to redshift,
rnaking thern harder r. see u'ith optical telescopes and ctrnfimring th:rr the
universe is expanding. The most distant galaxies known toclay are so recl they
h:rr,'e become inr.isible and can ,-rnly be picked up at infrare.l u,:.rr.elengtl-r.s.

Astr.nomers ha'e duhl.ed the periocl cluring which rhe first stars switcl'red
on, and rvhere galaxies are so redclened that they all but disappear fnrrn
vierv, the cosmic 'dark ages'. lt is a goal to try to find these firsr objects, tt-r

try to understand u'hat made them torm in the first place and how stars and
galaxies grow frtrm tiny seeds under gravity.

In postulating his paraclox, Olbers dicln't know it, but he rvas asking the very
cluesti()ns tl-rat ahsorb cosmologists today. So all this evidence sul.rpttrrs the
idea .f the Big Bang, the theory that the universe grew out of a 

'ast 
explosion

sotne 14 l.illion )'ears a.o.

the condensed idea
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Hubble's law
American astronomer Edwin Hubble was the first to realize
that galaxies beyond our own are all moving away from us
together. The further away they are, the faster they recede,
following Hubble's law. This galactic diaspora formed the
first evidence that the universe is expanding, an astounding
finding that changed our view of our entire universe and
its destiny.

C)opernicus's dedtrction in the l6th ccntury that the Earth gocs arouncl the
Sun causecl rnnjoL consternation. Hum:rns no longer inhabited the cx:rct
centre of the cosrnos. But in the 1920s, Htrbblc macle telescope
lllcasurelnents thirt were cven rl()re unsettling. Hc shor.ved thirt the entire
universe wits llot stiitic hut expan.iing.

HLrbblc mappgi orrt the .listrrnccs to other galaxics an.l thcil relirtive speetls

c,unparc.l with our Milky \Uay, :rnt'l foun.l tl-rat they rvere irll hurtling alv:ry
fnrtn rts. \7e rverc so cosnriculll, unpopular that only :r few cl,rse neighhor.rrs
u'clc ir-rcl'ring torv:rrrls r-rs. The more rlist:rnt thc ga1:rxy, the faster it rvns

rccccling, with ir spcctl proportional to its dist:rncc away (HLrbhle's lnrv). Thc
ratio of speecl to (listancc is:rhvays the sar-nc numl.cr ancl is calletl thc
Hubl.le c()lrstirrt. Astronorrers totliry htivc mcasure.l its virlue to be closc to
72 km fcr secontl per urcgirparscc (n rnegapalsec, ()r a million pilrsecs, is

eclui.u'alent to 1,262,000 light vears or I x 10r: rn). Oalaxies continuirlly
rccc.le fr,ln us by this aln()Llnt.

Shapley and Curtis debate
the size of the Milky Way

Sfne history of astronomy is 4 history
of receding horizons.p

Vesto Slipher measures
redshifts of nebulae

Idr,vin ftuhble
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The Great Debate Before the twentieth century, astronomers harely
understood our ()wn galaxy, the Milky Way. They had rncasurcd hundreds of
stars within it but also noted it was mirrked with many firint smudges, called
nebulae. Sorne of these nebulae were girs clouds associated with thc births
an.l deatl-rs of stars. But somc looked tliffercnt. Some had spir:rl or oval
shapcs that sr-rggested they were rnore regular than a cloucl. The origin of
these nebulae was clebateci in 1920 by two farnous astronomers (see p.41).
Harlow Shapley irrgued that everything in the sky w:rs part of the Milky
\fay; Heber C)urtis proposed that some of these nebr-rlae were e xtcrn:rl
girlaxies or.rtside ()ur o\\'n Milky \7ay. Hubble showccl that thc spir:rl nebr-rlae

really were external galaxies. The universe had sLrcldenly opcncd up into :r

vast cirnvas.

Huhble use.l the 100-inch Hooker Telesc,rpe at Mount Wilson to measure

the light from flickering stars in the Andronccla nebul:r, now known to bc :'r

spiral galaxy very similrr to the Milky Way an.l also a sihling in the gror-rp of
galaxics nssoci:rtctl with us. Thcsc tlickcring st:rrs :rrc cnllecl Cepheitl
variable stars, an.l irfc cvcn nou' invirluahlc probcs of distirnce. The irrnount
ancl timing of flickcring scalcs with thc intrinsic brightness of the star, scr

oncc v()Ll knorv how its light varies, you krlrw hor'v hright it is. Knowing its

hrightness y()u can ther-r ',vork out how filr au'iry it is, because it is clin-rmed

r,r'hen place.l at u rlist:rlrcc. L-r this w:ly Hubl,lc rncasurc.l thc dist:rncc to the
Anclrornecl:r gal:rxy. It u'irs n-iuch furthcr away than thc sizc of the Milky
'Way, 

s..r it rrtrst lic outsidc our gal:rxy. This scttlc.l thc clclrirtc

other galaxics tlitl cxist bcyonrl ()Llr ()wn.

Flying apart Htrbble then sct irhout
nrappirrg ,,listirnces t() lrirny other girlaxies.

He also firunrl tl-rat thc ligl-rt from thcrn u':Ls

rnostly rcrlsl-riftc.l by an arnount that scalcrl

rvitl-r tlistancc. Thc retlshift is sin'rilar to the
Dopplcr shift of ir spcc.ling olrjcct (sec

p. j2-35). Fincling th:lt known lrcqucncies of
light, incluclir-rg sl.rcctral lines, rill appe:rred redrler

+
Time

,i?
,e..,

,i*.

'il.,
'aL

'R.

Alexander Friedman
publishes the Big
Bang model

Hubble and Milton
Humason discover
Hubble's law

Hubble SpaceTelescope
publishes accurate Hubble
constant value
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than expected meant that these galaxies were rushing away from us, like
m:rny ambulance sirens falling off in tone as they speed away. It was very
strange that all the galaxies were rushing away, with ctnly a few close ones
moving towards us. Moreover, the further away you looked, the faster they
receded.

Hubble also saw that the galaxies weren't simply receding from us, which
would have made our place in the universe very privileged. They were all
hurtling away from each other too. He concluded that the unir.'erse itself
was expanding, being inflated like a giant balloon. The galaxies are like
spots on the balkron, getting further apart from one another as more air
is added.

flow far how fast? Even today astronomers use Cepheid variable srars

to map out the krcal universe's expansion. Measuring the Hubble constant
accurately has been a major goal. To do so you need to know how far away
something is and its speed or redshift. Redshifts are straightfcrrward tcr

measure from spectral lines. The frequency cif a particular atomic transition in
starlight can be checked against its known wavelength in the laboratory; rhe

Hubb(a Spaca Telescope
The Hubble SpaceTelescope is

surely the most popular satellite
observatory ever. lts stunning
photographs of nebulae. distant
galaxies and discs around stars
have graced the front pages of
newspapers for 20 years. Launched

in 1990 from the space shuttle

Discovery, the spacecraft is about
the size of a double-decker bus,
13 m long,4 m across and

weighing 11,000 kg. lt carries an

astronomical telescope whose
mirror is 2.4 m across and a suite

of cameras and electronic
detectors that are able to take

crystal-clear images, in visible and
ultraviolet light and in infrared.

Hubble's power lies in the fact that
it is located above the atmosphere

- so its photographs are not

blurred. Now getting old, its fate is
uncertain. lts instruments having

been upgraded for the last time,
when NASA terminates its
programme it may either rescue

the craft for posterity or crash it
safely into the ocean.
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6qh trnd thm mmlhm ailild SnimM, im
ffilUr immnnEtnmg mnmhmn, amd wo
*nffiffi thflfr rffi* ftmG nmmhi'mg imto qnlnoo,

furytM amd fin*.ffin umfriiil, wifrh the &inmfr
nnhulan thftfi oqm hft datadffiC wifih ths
Ercatect totscoopcc, wG arrive a"t ths- fuootier of t'he-Iaornn universG.t

Edwin Hubble

difference gives its redshift. Distances are harder to detennine, because you

need to observe something far away in the galaxy either whose true distance

is known or whose true brightness can be rneasured: a'standard candle'.

There are a variety of methods for inferring astronomical distances.

Cepheid stars work for nearby galaxies when you can separate the

individual stars. But further away, other techniques are needed. Ail the
different techniques can be tied together one by one to build up a giant
measuring rod, or 'distance ladder'. But because each rnethod comes with
peculiarities, there are still rnany uncertainties in the accuracy of the
extended ladder.

The Hubble constant is now known to an accuracy of about 10 per cent,

thanks largely to observations of galaxies with the Hubble Space Telescope

and of the cosmic microwave background radiation. The expansion of the
universe began in the Big Bang, the explosion that created the universe,

and galaxies have been flying apart ever since then. Hubble's law sets a

limit on the age of the universe. Because it is continuously expanding, if
yolr trace the expansion back to the beginning point, you can work ttut how
long ago that was. It turns out to be around 14 bllhon years. This expansion

rate is fortunately not enough to break apart the universe. The cosmos

instead is finely balanced, in between completely blowing apart and

containing enough rrass to collapse back in on itself eventually.

the condensed idea
";,i
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Cosmic distance
ladder

Different measures of astronomical distance have led to great
paradigm shifts in astronomy. Distances to the stars left us
feeling small; determining the size of the Milky Way and the
remoteness of nearby nebulae opened up the cosmos of
galaxies. Because the scales are so vast, no single method
works across the entire universe. The cosmic distance ladder
is the patchwork that results from bolting together a series
of techniques.

Bccause the univcrse is so big, rneasuring distances right across thc universe
is chirllenging. A rod that works within our galaxy c:rnnot stretch to the
furthest reirches of the cosmos. So:r raft of different mcthoc'ls has been
cleveloped, cach technique :rpplied to tr cliffcrent range. !7here rnethocls
overlap, the :r,-lj:icent scales can be tied together, building up a scries of
stcps that is known as the'cosmic distance ladder'. The rr-rngs of the ladder
step oLrt across thc universe, from the solar neighhourhood to thc nearest
stars, across the Milky Way to other galaxies, g:rlaxy clusters :rntl the edge of
thc visible universe.

The first rung is the firmcst. Nearby stilrs cirn be accur:rtcly positioned using
thc trigonornetric rnethocl of par:rllax. Jtrst ns:r hiker locates:r far
mountaintop on his map hy taking a series of bearings as he w:rlks akrng, scr

an :lstronorner sited on the moving Earth can rtricnt a star by measuring its
shift in position ag:rinst the more distirnt background stars. The dcgree of
shift tclls the astronomer how far awily the star is: those nearby [r()ve more
than thosc filr away. But the distance to the stars is stt great - the ne:rrcst

Cepheid variable
stars discovered



....-F

53

star is firur ligirt yc:rrs :ru':ry that the shifts are tiny irnti hard to rnetrsure.

Parall:rxes c:rn only c()ver a fractiou of the Milky \Vay. Tir go further, ner.r'

methods are nee.lc.l.

Cepheids Uniquc stars fi)rm the ncxt step. lf you knor.v cxactly hou'

bright a star is - as rf it was the costnic equ ivalent of a scale.l-up I OO-watt

light bulh, knorvr-r as a 'stirndartl ctrnclle'* then you can w,rrk ()ut h()u'fitr
away it is by rneasurir-rg its firintness. Brigi-rtness firlls off with the sqr-ttrre of
dist:rnce; s():l stiir twicc irs f:rr away as anothcr iclentical one will :rp1-rs21 il,x.
timcs weaker. But the trick is to know the intrinsic hrightncss of that star.

Stars corne in :rll shapes, sizes :rncl cololrrs - from recl giants to white dw:rrfs

- so this isn't str:rightforward. For rare typesr.rf st:rrs, there is a wny.

Cepheicl v:rri:rblc stars are very uscful st:rndard candlcs. The wattage of the

stirr is given awtry by tl-re r:'rtc :rt which it flickers. Compare that with how
firint the stnr appears on the sky :rnd you know how far awiry it is. Cepheicl-

type st:'rrs are bright enough to be seen acr()ss the whole Milky lUay and

even ()ut in other gal:rxies beyond our own. So they can be usecl to scope

oLlt the local region of the universe around our galaxy.

Cosrv\ic o\,^s-t-
One problem with using standard

candles at large distances is that

they may be dimmed by

intervening material. Galaxies are

messy places, full of gas clouds,

debris and carbon-rich soot, and

should your star or supernova fall

behind some polluting smog then it

might appear dimmer than it really

is. Astronomers try to get around

this by looking carefully for

indicators of cosmic soot. One

obvious sign is that it changes the

colour of the background star,

making it appear redder, as when
dramatic sunsets followed the

injection of dust into Earth's

atmosphere by the 1991 Mount
Pinatubo volcanic eruption. lf

astronomers spot the signs of dust,

they can correct the star's

brightness accordingly.
d

Hubble measures distance
to Andromeda galaxy

Hubble measures
cosmic expansion

Supernova data
indicate dark energy
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Supernovae Stepping out further, even brighter standard candles are
neede.l. Amongst stars, rhe most pourerful lighthouses are supernovae, the
catastrophic explosions of dying suns. One particular class, called a Type Ia
supern()vir, is extremely valuable :rnd can be detected out to quite distant
reaches of the universe. The exacr brightness of a Typc Ia supernova can
be detennined from the rate at which it expkrdes, first flaring up ancl
then fading.

Supcrnovtr happen rarcly - one may gt-r ofT every 50 years in a galaxy the
size of the Milky lVay - so they are most useful at cosmic distances where
therc are rn:rny galaxies available to increase the chances of seeing one
cltrring yollr ilstronomy career. Supernov:re in distant galaxies have
indic:rtecl that the expansion of the r-rniverse is affected by a mysterious
cornponent called dark energy - a sclrt of anti-gravity term in the equations
of gcneral relativity (sce p.92).

Redshift At cosrnic scales, redshifts of spectral lines are rhe mosr widely
tused clistance indicators. According to Hubhle's law, the more distant a

girl:rxy is, the faster it recedes lrom us due to the expansion of the universe,
and the more shifted to thc recl end of the spectrLrm are its chernical
cmission irnd absorption lines. But because it only indicares the gr.ss speed
of a galaxy, a redshift rnay be conrarninared by the objecr's krcal morions.
Redshifts .re rllerefore good as a r.ugh indicat.r, but less useful for accurate
determinations .f dist:rnce and less usef.l nearby when intrinsic motions
rnight be similar in scirle to r-rniversal expansion speeds. Tbday, galaxies are
visible across ahout 80 per cent of the universe. Astr.nomers compete each
yeirr to better this record

nearby
galaxies

galaxy
clusters

nearby
stars

Milky
way

radar energy useful
within 1 light-houl parallax

usetul within
100 pc

marn-sequence
litting uselul

within 10,000 pc
Cepheids

uselul within
15 million pc

distant
standards

uselul within
200 million pc

Hubble s law
uselul beyond
150 million pc

llil
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6ThG rung of a tador was nsver mea,lat to
rest uilxrn, hut onty tn hoH a rqa,n's foot long

onough to enable hi,!q tg put the other
mmmurhat highir.!

Thomas Huxley

Statistical methods A range of other methods have been tried. Some

are geometric, cr.lnp:rring 'rulers' whose actual length c:rn be determined by

applying b:rsic physics theories to scales measured on the sky. Thcsc include

a\/erage distances between clusters ef galaxies, and characteristic sizcs of l'rot

and cold patches in the cosmic microwave hackgrountl.

Statistical rnethocls also work. Because the life cycles of stars are well

understood, certain phases can be used as inclicators. Just as individu:rl

Cepheids give arvay distances by their brightness trnd peritttl, trver:rgctl

statistics can pinpoint key changes in the brighmess :rnd colour of
populations of thousands of stars. Another techr-rique that is usecl ftrr

galaxies is akin to determining clistance from how blurretl a galaxy appears -
tr galaxy made up of billions of stars appeius grainy whcn seen closc up, ancl

smoother from :rfar as individual stars are blurred out.

The cosmic distance ladder has a firm ftroting, but gets ir bit more rickcty irs

it steps out into space. Even so, the vastness ttf space means that that

doesn't matter too much. From the nearest stars a few light yetrrs away, t()

the edge of our Milky \Uay 100,000 light years across, clistances are u'ell

measured. The cosmic expansion kicks in beyond our iocal group of
galaxies, more than 1O rnillion light yeirrs away, an.i so tlistances becotne

harder to interpret. Yet standard candles have reve:rled not only that ()ur

universe is expanding but that dark energy exists, and they h:rve tiecl

everything in to the funclamental physics of the early universe. Perhaps it's

not so rickety after all.
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The Big Bang
The birth of the universe occurred in a phenomenal explosion
that created all space, matter and time as we know it.
Predicted from the mathematics of general relativity, we see
evidence for the Big Bang in the rush of galaxies away from
our own, the quantities of light elements in the universe and
the microwave glow that fills the sky.

Tllc Rie R:tr-rg is the trltin-rate cxplosion- the. hirth of ttrc univcrse. Lot'kirrg
irnrur-r,-l us today, we see signs that our universe is cxpiinding ar-rd infcr thrrt
it must have beerr srnaller, irntl hottcr, in the pa-*t. Takirrg this t,r its logical
conclusion means thiit the cntirc cosm()s could hrrve originatecl frorn :r
singlc point. At thc nl()rrrenI of igr-ritirl-r, spacc anJ tiurc iintl n]ritter were irll
created tosether in a cosrnic firchall. Very gr:rclually, ()vcr 14 hillion years,

tl'ris l'rot, .lensc cl,rr-r.l swellc.l antl crxrlcd. Eventuirlly it ti'agmrnte.l t,,
pro.lucc thc stirrs and gtrl:rxies that dot the heirvens torlay.

Itts no joke Thc'Big Rang'1.h125s itself rvas irctuallv coinetl in rirlicule.
Thc cn-riner-rt British ristr()lt()lncr Frcd Hoylc- thougltt it prcp()stcr()us thirt
tl-re u'holc universc grerv frorn a single sccd. In a scries <,f lccturcs filst
brou.lcast in 1949, he .leritletl as tirr-fetcheil the prol.rosition t,f Belgian
urathttnatici:tn C)e orgcs Lctnaitre , rvho forrn.l strch a so[ution in Einstein's
ctluirtions ,rf gcncrll re lativity. Instearl, Hoyle pretcrrerl to believc in ir morc
sustailrahle vision of the c,,stttrrs. In his 1.grpg11rtrl ',steirtlv stlte' unive rsc,

lrlattcr ancl spacc u'erc being contrnrrally createcl irncl clestroyetl ru-rtl so corrltl
l'rave exisrt'.l ti,r ln trnlimitcJ tirnc. Er,en sr,, clues wcrc ahcrrtlf iunirssing,
rrr-rtl l.y the 1960s, Ho1'le's static |ic1111s had to give u'ir1',.iuc to the u'e ight
of cvi.lcr-rce thut tirvtruletl the Bic Bang.

Friedmann and Lema'itre
devise Biq Bang theory

Hubble detects the
expansion of the universe
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The expanding universe Three critical observarions
unrlcrpin the success of the Big Bang modcl. The first is Edwin
Hubhle's ohservation in the 1920s that most galaxies are moving
away from our own. Looked at from af:rr, :r11 galaxies tend to fly
:lpzlrt from one another as if the firbric of space-time is expanding
and stretching, following Hubble's law. One consequence of the
stretching is th:rt light takes slightly Lrnger ro reach us when
travelling across an expanding univcrse than one where distances
:rrc fixed. This effcct is recorded as a shift in the frequency of the

(ruro ic a
@obcrcut plarn
in tho universe,
thffirgh I dsn't
knour whet it's
a Fla,n fon!
tned Hoyle

light, called the 'ret'lshift' because the rcceived light :rppe:rrs reclcler than
it wirs when it left the distant sttrr or galaxy. Redshifts can be used to infcr
:rstronomical distanccs.

Light elements (ioing back in rirne to the first hours of the newborn
ruttivcrse, jtrst after thc Big Bang, we h:rve to imagine evcrything packed
closc together in :r sccthing superhe:rtcd caulclron. ln thc first seconds, the
universc u'as so hot an.l clense thirt not even atolls were stablc. As it grerv
:urd ctxrled, a particlc soup emerged, stockeci with quarks, gluons and other
fundamental p:rrticlcs. After just a rninure the quarks stuck together to ftrrrn
protons an.l neutrons. Then, within the first three rninutes, cosmic
chernrstry firixcd thc prc)tons and neutrons, :rccording t() their rel:rtivc
nurnbers, into irtomic nuclei. This is u'hen elements ()ther than hyclrogcn
u'ere first forrnecl by nuclear fusion. Once the universe had cooled below
the frrsion lirnit, no elcments heavicr than beryllium could he rnade. So the
universe u'ns initially awash with thc nuclei of hyclrogcn ar-rcl helium ancl

traces of tleuteriurn (heavy hydrogen), lithiurn and hcryllium creirted in the
Big Bang itself.

In the l94Os, Ralph Alpher trnd Clcorge Clirmow prc.licted rhe proportions
of light elements pro.luced in the Big Bang, and rhis hasic picrure hirs bccn
cot'rflnned by evcn thc most recent ffic:rsrlrernents of skrw-blrn-ring st:rrs unci

primitive gas clou.ls in our Milky Wa1,.

Microwave glow Another pillar supp()rring the Rig Bang theory is the
.1isc.rl'cry in 1965 of the t:rint ccho of the Rig B:ing itself. Arno Pcnzias irncl

The cosmic microwave
background is predicted

Big Bang nucleosynthesis is
calculated byAlpher and Gamow

Hoyle coins the term
'Big Bang'

Penzias and Wilson
detect the cosmic
microwave background

COBE satellite measures
cosmic microwave
backg rou nd patches
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Robert Wilson wcrc working on a rndio receiver at Bell Labs in Ner.v Jersey
whcn thcy werc puzzled by a weak noise sigr-ral they could not get rid of. lt
sccmccl thcre was an extra source of microwaves coming from all (lver the
sk1', cquivalcnt t() sornething a I'ew degrees in temperirture. They had
stumhlcd upon the cosrnic rnicrowave backgrouncl racliation, ir sea of
photons left over frorn the very young hot univcrse.

In Big Bang theory, the existence of the microwave background had bccn
predictetl in 1948 by Gcorge G:rmow, Ralph Alpher ancl Robert Herrnann.
Alth,rugh nucle i werc synthesized within the first three rninutes, atonls
$'ere not firnned firr 400,000 ycirrs. Eventually, negati','ely charged electrons
paired witl'r positivcly ch:rrgcr'l nucle i to make atorns of hydrogen and light
elernents. Thc rcmoval of chargetl pirrticles, which scatter an.l blrck the
path of light, cleared the fog and nrade the universe transparent. From then
r'rnwar,,ls, light could travel frecly across the universe, allowing us to see

back thtrt far.

Although the young univcrse fog was originally hot (sorne 3,000 kelvins
or K), the expansion of thc univcrse has redshifted the glow from it so that
rve see it tod:ry at a tempcrature of less than 3 K (three degrees:rbove
absolrrte zero). This is whirt Penzias ancl Wilson spottecl. So r','ith these

three rnajor fbunclations so firr intact, Big Bang theory is widely acceptecl

by rnost :rstrnphysicists. A hanclful still pursr-re the ste:rdy state theory that
artracted Fred Hoyle, but it is difTicult to explain all these observations in
irny other moclel.

Fate and past What happened before the Big B:rng? Because space-time
was created in thc Big Bang, this is not really a very meirning'ful qluestion ttr
ask - a bit llke 'Where does the Earth begin?'or'What is north of the north
pole /'Horvever, mathematical physicists dc, ponder the triggering of the Big

Biurg in rnulti-dimensional space (often 11 dirnensions) through the
mathcmatics of M-theory and string theory. These lrnk at the physics and

cncrgies of strings and rnembranes in these multi-climensions :rnd incorporate
icieas of particle physics irnd quantum mechanics to try to r-rnderstand how
sLrch an event was triggered. \7ith parallels with quantr-rm physics ideas, stxne

cosnologists rrlso discuss the existence of parallel universes.

In the Big Bang model, unlike the steady state model, the universe evolves.
The cosmos's f:rte is clictated largely by the balance between thc amount of
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Bg BonS trn^alina
13.7 billion years (after the Big Bang): now 10 seconds: annihilation of electron-positron
(temperatureT = 2.726 K\ pairs (T = 5 billion K)

200 million years: 'reionization'; first stars 1 second: decoupling of neutrinos
heat and ionize hydrogen gas (T = 50 K) (T = 10 billion K)

380,000 years: 'recombination'; hydrogen 100 microseconds: annihilation of pions

gas cools down to form molecules
(T = 3,000 K)

T=ltrillionK)
50 microseconds: 'OCD phase transition';

10,000 years: end of the radiation-dominated quarks bound into neutrons and protons

era (T = 12,000 K) (T = 2 triilion K)

1,000 seconds: decay of lone neutrons 10 picoseconds:'electroweak phase

(T = 500 million K) transition'; electromagnetic and weak force

180 seconds:'nucleosynthesis'; formation of become different (T = 1-2 quadrillion K)

helium and other elements from hydrogen Before this time the temperatures were so

high that our knowledge of physics is

u ncertai n.

(T= 1 billion K)

matter pulling it together through gravity and other physical forces that

r pull it apart, including the expansion of the universe. If gravity wins, then
the universe's expansion could one dav stall and it coLrld start to fall back in
on itself, ending in :r rewind of the Big Rang, kncxvn as the big crunch.
Universcs could follow rnany of these hirth-death cycles. Alterr-ratively, if

! the expansion and other repelling forces (such as clark energy) win, they
will eventually pull a1l thc stars :rnd galaxies and planets apart and our

universe could enc'l up a dark desert of black holes and particles, a 'big chill'.
Lastly there is the 'Goldikrcks universe', where the attractive and repellent

) frnces balance and the universe continues to expand for ever but :rt :t
gradually slo."ver rate. It is this ending that modern cosmol()gy is pr)inting t()

as being rnost likely. Our universe is jr.rst right.

;lt

the snndsnss$ id"*m,
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Cosmic micro-
wave background

The discovery of the cosmic microwave background cemented
the Big Bang theory. Originating in the heat of the very early
universe, this sea of weak electromagnetic radiation is-due to
photons that were released over 13 billion years ago when space
became transparent at the time when hydrogen atoms formed.

L-r 1965, Arn. Pen:i:rs and R.bcrt Wils.n clisco'crc.l rin ullcxlectetl w'arrn
gl.rv i' tl"rc sk1'. W.rkir-rg .n thcir .icr.u,l*.e rarlio anten'a in Neu'Jcrscl',
tl'rc Bell Lahs physicists founcl a irint hcnt signal enr:rnating from every
tlirccti.n tl-rat rn'..Itl.'t go ir\\/,),'. At first they ass.rnc.l it *,as mr'rrianc -
pcrh:tl.s tlue to pigeon tiroppirrgs clogging tl-reir sensitir,'c horn.

But rrftcr hearir-rg :r talk by Princeton ttreonst Rolrer.t l)icke , the'y rclli:ctl
tl'rc1' hir.l stunrhlcd ,n a hugc tliscovcr)'. The brith of u,arnrrh that thcy hltl
scen lr,lsn'f coming frorn thc Earth; its origin u':rs cosnric. Thcy hatl tound
the prcclictcJ afte relow of the Big Bans. l)ickc, who l.rad built rr simil:rr
ratlio rtuteutrrr to Lrok iirr the backurountl rirtliation, rils ir little lcss juhilant:
'Bo1s, u'c'r'e becn sc,r,rpc.l,' l-rc cpippe.l.

Warm glow Thc cosmic rnicrolr,uve backgrotrnd urakes the rvhole skv
appcar as a hath of u'irrnrth with a tcmperirturc of ahout I .legrees Kelvin
(etluir':rlent to 3 degrees (lelsius abover abs,rlute zero). Its characteristics arc
prcciscly prre.lictc.l by thc physics of rhe Rig Bang. Whcn the Lrnir.crse u,irs

y()u11g, it u,trs scorchilrg hor, re:tching thousuncls of degrces K. BLrt as it
expar-rcletl, it cooletl tlru'n. Tirday it sl-r,ruld lrc cxactly 2.71 K; antl that is

wl'rat Pcn:ius antl Wilstln irrrnrl.

Max Planck explains
black body radiation
using quanta

Ralph Alpher and Robert
Herman predict a 5 K cosmic
background in their theorV
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Tl-rc cosrnic uricrolvin,c b:rckgror-rncl has thc most well-dcfinctl
tcmperatllre of nny source . No uriin-ntacle device in nny l:rborirtory

h:rs .lone bettcr. The sky ernits tnictou'avcs in a freclucncy lange that

fcirks arounal 160.2 CHz ( 1.9 rnrn wavclcngth), ancl ts i'r pcrfec-t

cxanrple ..rf a 't,lack-b.rrly sl-rectrttur'- a chirracteristic frctlr.rency raltge

given ofFby s()mcthilrg tl-rat absorbs ancl enrits heat 1-,crfect[y, sttch as:t

mirtt-hlirck stove. Itr 1990, NASA's Cosuric B:rckgrotrn,-l Explorcr (CORE)

sirtcllite shon'e.l that thc costnic tnicrol:tvc bnckgrottn.l is t1-re tnost

pcrfect exarnf ls of :r black-ho.ly spectt'utr-r cvcr seen) albcit mtrch col.ler
than a rer.l-hr)t l()kcr.

Dipole [f you l,rok crrrciirlll', the skv is not cxac-tly thc satnc tct'nperirttrrt:

lrll over. The'micnrlviu'es appear warfiIcr in one hetlisphcre by 2.5 milli-
Kelvin, or irbout ()ne purt iu il thor.tsaucl. l)iscovcrcrl soon after thc
b:rckgrounrl mclirrtior-r itse lf, this l'reat pattcrn is knowu as thc 'tlipole', tltte

to its nr,o poles, hot:urd c..rl.l. This ter-npcrrrture clil{ercncc arises frorn the

L)oppler effect, .lLrc to the motion of thc E:rrth: thc s()lar s-vsteltr i5 1111vinrr

lt 600 km/s re lltivc to the univcrsc.

If you lrxrk closcr aglit-t, irt a ler.'cl of about
()rle purt in :r nrilliorr, t['re skr, is speckled

u'ith hot an.l c,.,l,l spots. Thcse ri1-rples arc

of grcat interest to astr()nolners l.ec:tttsc

thel' 11'gr" rmprinlc.l sh,rrtly after the Big

Bang. Thcy u'ere first sccu in 1992 by

NASA's (IOBE satellitc, r.r,hich ro'ealecl
lrulncrous plttcl'res al.trttt thc size of thc
firll Mtxrn. in 2003, ir r])()rc .letailccl
lnrlp \vas revc:rlc.l by the Wilkinson
Microwavc Auisotropy Pr,rhc ( !7MAP)
::rlcllit\', ulri.h l.li,kc 1111'.p,'1r ttl'ittt,r rt

ftrrther rash. And they r'r'ill bc measurecl in
iirrther exqrrisitc tletail by anothcr satellite
called Plar-rck.

Scrrange
is rarely
comforta,ble.$
Sr'*w fr*nxig*

Penzias and Wilson
observe the cosmic
microwave background

NASA'S COBE satellite accurately
measures the temperature of the
microwave background

NASA's COBE discovers
cosmic ripples

ESAs Planck
satellite launched

t_
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Ripples These ripples in the cosmic microwave background originated
back when the universe was extremely hot. After the Big Bang, the cosmos

expanded and coclled and photons, subatomic particles and eventually
protons and electrons formed. The nuclei of the first light elements,

including hydrogen and a little helium and lithium, were created within
three minutes. At this point the universe was a soup of protons and

electrons, whizzing around. These particles hacl an electric charge - they
were ionized: protons pc'rsitive, electrons negative - but photons ricocheted
off the charged particles, so the very early universe was an opaque fog.

The universe cooled further. The protons and electrons began ttt move

more slowly, and after about 400,000 years they were eventually able to
stick together, to form hydrogen atoms. Over this period the charged

particles were gradually combined, and the nature of the cosmic soup

changed, from being ionized to being electrically neutral. The universe

became a sea of hydrogen.

Once the charged parricles were mopped up, photons could travel freely.

Suddenly we can see. These very photons, cooled even further, are the ones

tlt

S(acK-bod3 raoliiatron
Barbecue coals and electric stove rings turn

red, orange and then yellow as they heat up,

reaching hundreds of degrees Celsius. A

tungsten light bulb filament glows white as

it reaches over 3,000 degrees Celsius,

similar to the surface of a star. With
increasing temperature, hot bodies glow

first red, then yellow and eventually blue-

white.This spread of colours is described as

black-body radiation because dark materials

are best able to radiate or absorb heat.

1gth century physicists found it hard to

explain why this pattern held, irrespective of

the substance they tested. Wilhelm Wien.

Lord Rayleigh and James Jeans worked out
partial solutions. But Rayleigh and Jeans's

solution was problematic in that it predicted

that an infinite amount of energy would be

released at ultraviolet wavelengths and

above - the 'ultraviolet catastrophe'. Max

Planck solved the problem in 1901 by joining

the physics of heat and light together,

dividing up the electromagnetic energy

among a set of tiny subatomic units of
electromagnetic field called'quanta'.
Planck's idea planted a seed that would
grow to become one of the most important

areas of modern physics: quantum theory.
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amd ffmisntif;eo
havo hffia amh,inv,ad omlsr h5f thffim
mom6 in wmmrit off it urifthmnnt anrtwho have gonc in pursuit of it without a,nsr

praetical purpose whatsoever in view.t
Max Planck

that now make up the cosmic tnicrowave background. At this time,
corresponding to a redshift of around a thousand (z =1,000), the universe

had a temperature of ror.rghly 3,000 K; it is now about 1,000 times cooler,

around 3 K.

Cosmic landscape The hot and cold spots that fleck this bath of
photons arise because of the matter in the universe. Some regions ttf space

contained rrxrre matter than others, so that the photons travelling through
rhem were slowecl by slightly different alnounts, depending on their path.

The precise p:lttern of the microwave ripples tells us a lot about how
unevenly matter was distributed well before any stars or galaxies had formed.

The typical scale of the hotspots is also telling. The most common size is

about one degree on the sky, twice the full Moon's diameter. This is exactly
what theorists have predicted by looking at the pattern of rnatter in the

universe today ancl projecting it backwards, taking into account the

universe's expansion. This close match between predicted and observecl

scales implies that light rays must travel in straight lines right across the
universe: astronomers say that the universe is 'flat', because the rays do not
henJ .rr curve due t,r Jisltrrl i()ns in spacetime.

Overall, the story of the cosmic microwave background has been one of
triumph for theorists. So far they have predicted its characteristics ahnost to
the letter. But there is a chance that observers will find discrepancies

suggestive of new physics, either in hotspot data from the Planck satellite,

or in polarized signatures coming from experiments underway at the south
po1e, on balloons and using specialist raclio telescopes.

the ffiffirldenssd lden
i,rl irr
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Big.Bang
nucleosynthesis

The lightest elements were created in the first minutes of the
hot young universe in proportions that confirm the
predictions of Big Bang theory. The amounts of helium,
lithium and deuterium seen today in pristine regions of space
are roughly as expected from that theory, which at the same
time explains why these elements are surprisingly common in
stars. That the level of deuterium is set low, however, implies
that the universe is filled with exotic forms of matter.

A critical ohscrvatior-r that backs up tlie Big Bang theory is the ahr-rnclance
of light elemcnts in the unive rse. Nuclear rc:rctions in the hot fireball phasc
of the Rig Biing crxrkecl up thc first few atomic nuclei ir-r precise ratios.
He:rvier ones were formecl later fiorn these initial ingredients hy burning in
the corcs of stars.

Hydrogcn is the utrst colrrlrron elernent in the universc, :rnd the urajor by-
product of the llig R:rng. Hydrogen is :rlso the simplest clcrnenr: a singlc
prot()n orbitecl by an elcctron. It is somctimes founcl in a heavier ftrrm
ctrlled rlcuteriurn, wl-rich consists of a normal hycirogen utom r.l'ith an cxtril
ncutr()n, rnirking it twice as hcavy; a rarer fcrrm is tritiurr-r, which has a
seconcl nelltron thrown in. The ncxt elernent is hciium, cornprisccl of twcr

Lrrot()ns, tw() neutrons :rnd two electrons; then comcs lithiurn with three
prot()ns, usually four ncutr,xrs and threc electrons. Thcse were rrll crcatetl in
the e:rrly universe in :r process cirllci'l nucleosyntl-resis.

Arthur Eddington suggests
that fusion drives the stars
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A(phar Se-lha Qarvrow paper
The theory of Big Bang nucleosynthesis was published in a 1948 paper 

i'
with a whimsical touch. Although its basics were initially worked out by I
Ralph Alpher and George Gamow, due to the similarity of their surnames ;

to the first three Greek letters (alpha, beta, gamma), they asked Hans
Bethe to join them.The paper still amuses in physics circles. 

,{i
-iryiillJfl !;9ldien4rr+4!$? rq{ q:fl*{a:4e4

Cooking with gas Jr-rst after thc Big Bang explosion, the universe was
so hot that it lr'as ir hoiling soup of fundamental particles. As it exp:rnded
and cooled down, diff'ercnt particles came inro being, eventually producing
the familiar protons, nelrtrons and elcctrons that mtrke up the objccts ir-r our
workl. When thc universe w:rs just three rninutes old, its billion-dcgree
temper:rture was suitable for the nuclei of the lightest elcments to be
created. Prctons :rncl neutrons were able to collicle and stick togethcr ro
fcrrm de uteriurn, whose nuclei colrld combine further to produce hclium.
Srnall amounts of tririum werc possible, and a little lithium was m:rdc by
joining tritium with nvo deutcriurn nuclei.

Assuming tl'rat a certain nurlber of protons anc'l

ncutr()ns werc availablc in the h()t yollllg universe
as insredients frrr this cosnic cookery, tl-rc rclative
illrr()unts of circh light clernent c:rn be prcclictecl from
thc nuclear rcirction recipcs. About il cpartcr of the
origin:rl matter's milss shoulcl er-rcl up as heliurn, or-rly
about 0.01 ler cent shotrlcl en.l up as clcuterium, :rnd
evcn less should hal'c become lithium. The rest
rcmained hy.lroger-r. Tl-rese rtrtios are incleed roughly
what r.r'e scc totlay, provitling str()ng support firr the
Big Bang model.

(I tra,ve this one
little ffiJring, when
things gct too hearry
just call mc hpliurn,
the fightest known
gas to ma.n.t
.JimiHendrix

Alpher, Bethe, Gamow
paper on primordial
nucl eosVnth esis

Fred Hoyle explains the
production of heavier
elements

Burbidge, Burbidge, Fowler and
Hoyle publish a famous paper
on stellar nucleosynthesis
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Deuterium Tritium
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Fusion Helium

Neutron

Elementary puzzles
The theory of nucleosynthesis, worked out by physicists

Ralph Alpher, Hans Bethe and George Gamow in the
1940s, did more than underpin the Big Bang. lt fixed
problems that had arisen by comparing predictions with the
measured abundances of light elements in the stars. For

years it had been known that helium and deuterium
especially were more common than could be explained by
stellar models at the time. The heavy elements are built up
graduall',' in stars by nuclear fusion. Hydrogen burns to make
heliurn, and chains of other reactions build up carbon,
nitrogen and oxygen and a range of other elements. But
l-relium is created only slowly, taking much of the lifetime of

ir star to make an appreciable arriount. Deuterium is impossible to make in
stars through normal fusion processes - it is only destroyed in stellar
atmospheres. But by adding in the extra amounts that u'ere created in the
Big Bang, thc maths could be fixed.

Tir rneasure the primordial ratios ol light elements, astronomers seek out
pristine regions of the universe. They look for slow-burning old stars that
are relatively unpolluted by later heavy element production and recycling.
Alternatively they look fcrr ancient gas clouds th:rt have changed little since

the universe's early days. Lying in remote regions of intergalactic space, far

from galactic pollutants, such clouds can be ftrund when they absorb the
light from distant objects such as bright quasars. The gas cloucls' spectral
fingerprints can give up their chemistry.

Matter measure The amount of deuterium created in the Big Bang is a

pirrticularly valuable rreasurement. Because it is rnade oniy through unusual
nuclear reactions, its abundance depends sensitiveiy on the original number
of protons and neutrons in the young universe. The fact that deuteriurn is

so rare implies that the density of these first nucleons was low, too low to be

:'rble to s:ry that everything in the universe came from them. Other forms of
exotic matter must also be present.

(ff*ngs ar6 the way they are beclurse
thsy wor6 tho way thoy wcn@.t

fred Hoyle
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HAN$ BETHE (1 Sll8.2llll5}

Born in Strasbourg in Alsace-

L.orraine, Hans Bethe studied

and taught theoretical physics

at universities in Frankfurt,

Munich andTuebingen. When

the Nazi regime came to
power in 1933 he lost his

university position and

emigrated first to England,

and then in 1935 to Cornell

University in the USA. During

the Second World War, he was

head of theTheoretical
Division at Los Alamos
laboratory, where he

performed calculations that
were critical for developing
the first atomic bombs. A

prolific scientist, Bethe

worked on many physics

problems. He received the

Nobel Prize for his theory of
stellar nucleosynthesis, and

also tackled other areas of
nuclear and particle

astrophysics. He later

campaigned against nuclear

weapons testing alongside

Albert Einstein; he influenced

theWhite House to sign the

ban on atmospheric nuclear

tests in 1963 and the 1972

Anti-Ballisric MissileTreaty,

SALT l. Freeman Dyson called

Bethe the 'supreme problem

solver of the 20th century'.

Moclern observations of galaxies, galaxy clusters and the cosmic microwave

b:rckgrouncl hint that there are types of matter out there that are not hasecl

on protons ancl neutrons. This exotic matter is 'dark' and docsn't glow, ancl

makes up the m:rjority of the universe's mass. It might be m:rde of unusual

particles, such as neutrinos, or even black holes. The light element
:rbundances show that normal matter mirkes r-Lp just a ferv per cent ttf the
total mass of the universe.

Stnru ffi$x:.mffiffiffiffiffi $Swmn-
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Antimatter
Fictional spaceships are often powered by 6antimatter drives',
yet antimatter itself is real and has been made artificially on
Earth. A mirror-image form of matter that has negative
energ/r antimatter cannot coeist with matter for long - both
annihilate in a flash of energy if they come into contact. The
fact that the universe is full of matter implies that antimatter
is rare and hints at imbalances during the Big Bang.

Wa[king clorvn tl-rc strect y()u rncet a replicir of yoursclf. It is your antilnatter
twin. l)o you shake hanclsl Antimirtter u'as prcc'licted irr the 1920s antl

cliscovcrccl in cxperirnents in the l9lOs. It is a nttrror-im.rgr f,,rrn of tnrttter,

u'hcrc p:rrticles' ch:rrges, energies ancl other physical propertics arc :r1l

rcversccl in sigr-r. So an anti-electr()n, c:rllecl :r positnrn, hils thc s:lnle rnilss irs

the clectron hut insteircl has a positive chargc. Sirnilarly, prot()ns and other
p:Lrticles h:rve op1-xrsite rlntirn:rttcr siblings.

Negative energy Creating an equation firr thc electron in 1928,

British physicist Prrr-rl L)ir:rc sar.v that it offerccl thc possibility that electrtxrs

cor-rld have negativc:rs wcll :rs positive energy. Jr-rst:is the etluatiort xl = {
htrs the solutior-rs x = 2 and x = - 2, Dirac had two wzrys ofsolvinghis
problen: positive cncrgy was expected, associated rvith :r noruitl electnrn,
hLlt negativc encrgy macle no sense. Brrt ratl-rer thirn ignore this confirsing
tem, L)ir:rc suggestecl that sucl-r particlcs rnight actually exist. This
cornplenrentary state of mattcr is ':rnti' nlilttel.

Antiparticles Thc hr-rnt for iultimatter beg:rn quickly. In 1912, Clarl

An.lerson c,rnfinnccl the cxistencc r rt positrotts expcritnct-ttally. He was

firllowing the tracks of showcrs of p311i.l"t prnrcltrcccl hy cosuric rtrys

(energetic particles that crash into the iltln()spherc from spnce ) wher-r l're

Dirac derives the
existence of antimatter

Anderson detects
the positron
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sa\\r thc track r.rf a positively chargecl particle with
the clcctron's lnassJ the positron. So antimirtter
\\as n() longer just an :rl.stract idca br-rt was rea1.

II took another two clcc:rdes befrrre thc r-rext

antifarticle, the irntiprotolt, was dctccted.
Physicists btrilt ncu' particle-accclcrating utrtchines

that used rnagllctic fielcls to increase the spcccls of
prrrticles travclling thror-rgh thcm. Sucl'r porvcrful

hcnms of spcccling protons procluce,-l enougl-t

cnergy t() revc:rl the antipr()t()n in 1955. Stxrn
ruff t:rvn,,r r.ls the :urtincu tr()n wils irlso ftr'.r ncl.

Antihydrogen

electron

Orr Earth, pl-rysicists can crcilte antilnnttcr in ptrrticle accelerators, sucl-r as

thosc at CERN in Slvitzerlirnd or Fcrniilir[", r-rear Chicago. Wl-rcn the l.eirms

of p:irticles anci antiparticles mcct, they annihil:rte'eacl'r ()thcr in n flash.rf

frlrc energy. M:rss is converteLl to energy accot',-ling to Etnstcit-r's E = rncl

eqLlati()n. So if yor-r lllet )()rrr ilntinlrrtter tu'in it rnigl-rt not bc such ir good

icleil to throrv your artns trroun,-l thcttt.

IJniversal asymmetries If irrtilnatter u'ere sprea.l ircr()ss the

r.rnir,ersc, thcse ar-rr-rihililtion episodes u'..ru1d he occr,rrring all the tine .

Matter :urd :rntimattcr u'oulcl gracltrally .lestroy each other in littlc
cxple5i,,t'tr, tnopping e:tch other up. Bcciruse r.l'e clon't sce this, thcre cannot

be much antimatter anrun.l. In fact nornilll lniltter is thc only wiclcspread

firrrn of purtrclc we see, by a vcry llrge nrargin. So at thc tttttset,rf thc

creati()lt of the r-rniverse the re rnust havc heen an imbalance stlch thirt tn()re

normal lnrltter was cre atecl than its alltilnirtter ()ppr )sitc.

(In science one tries to tell people, in such a way as to
be understood by everyone, something thflt ru) ons ever

knew before. Eut in ftoetry, it's the dxact oppo$ite.t
Fnsllliran

Positron

// -'-\ e*
I L-/ .:
\ antiproton...'

\
,-nr\-//

proton ,/...'..---.-.,
Hydrogen

Antiprotons a re detected The first anti-nucleus is produced Anti-hydrogen atoms are created
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PAUI DIRAG Ig0z-84
Paul Dirac was a talented but shy British
physicist. People joke that his vocabulary
consisted of 'Yes', 'No', and 'l don't know'.

He once said: 'l was taught at school never

to start a sentence without knowing the

end of it.'What he lacked in verbosity he

made up for in his mathematical ability.

His PhD thesis is famous for being

impressively short and powerful,
presenting a new mathematical

description of quantum mechanics. He

partly unified the theories of quantum

mechanics and relativity theory, but he

also is remembered for his outstanding
work on the magnetic monopole and in

predicting antimatter. When he was

awarded the 1933 Nobel Prize, his first
thought was to turn it down to avoid the
publicity. But he gave in when told he

would get even more publicity if he

refused to accept it. Dirac did not invite
his father to the ceremony, possibly

because of strained relations after the

suicide of his brother.

(fne otrryoeite of a
corrGct statoment is a

false statemont. But
the opposite of a

profound truth nray
well be another

profound tnrt'h.t

-"*-'*..,l-

Like all mirror images, particles and their antiparticles are relatecl through
clifferent kir-rcls of syrnrnetry. C)ne is tirne. Because of their negative energy,

antipirrticles are equivalent rnathematically tl.r nonnirl particles rnoving
b:rckwirr.ls in time. So a positron can be thor-rght of :rs an electnrn travelling
fron fr-rture to past. The next symmetry involvcs ch:rrgcs an.l other
quantliln properties, u'hich are reversecl. A third symmetry regards motior-r

through space. Motions are generillly un:rffectetl if lve ch:rnge the directi\)n
of coorclinates rnarking out the grid of space. A p:rrticlc moving left to right
looks the sirme as one rnoving right to left, or is unch:rngcil whethcr
spinning clockwise or anticlockwise. This 'parity' synmetry is true of most
particlcs, but there :rre ir feu'frrr which it d()es not alwavs holcl. Neutrinos

exist in only one forn-r, :,rs :r left-haniletl neutrino,
spinning in onc clirecti()n; thcrc is no such thing :rs :r

right-handecl neutrino. T1-re convcrsc is true frrr
antinelrtrinos, rvhich are a1l right-h:rnc1er1. So parity
symmetry cirn sometilncs bc hroken, althorrgh ir

combination of ch:rrge conjugntion anrl parity is

ctrnserved, called charge pirrity s-vmrnetry for short.

Just as chen-iists fincl th:rt some molecules prefer to
exist in one version, as a left-hanclecl or right-
handetl strlrcture, it is a rnajol puzzle wh1 thenliuls Suhr
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(f'or evsry one hillion partioles of
a,ntimatter thore wen@ ono biltion and
on$ of matbr. And when the

mutuat annihifafion waff comPlete'
one hilliontilr rema,inod - and thetk

our XEesent univcrco.!
filbgrt [instoin

universe c()ntains mostly truttter ilnd not :rntitnatter. A tiny fractitln - less

than 0.01 pt:r cent - of the stuff in the universe is made of antimirtter. But

the universe alsg contains forms of cnergy, inch-rding it great many photons.

So it is possible that :r vast amount of both lnatter and antimattcr was

created in the Big Bang, but then rnost of it was annihilatecl shortly

afterrvartls. C)nly the tip of the icebe rg now rentains. A minuscule

irnbalance in ftrvgur of rnattcr would be enough to explain its dorninance

now. Only 1 in every 10,000,000,000 (101f ) matter particles needed tcr

survive a split sec,.xr.1 after the Big Bang, the rernainder being annihilatetl.

The lefiover matter rvtrs likely preserved via a slight asylnmetry in charge

and parity.

The particles thirt may h:rve been involved in this trsymmetry' called X

bosons, have yct to he founcl. These tn:rssive particles decay in irn

irnhalanced way ro give tr slight ttverproductic)n of lnatter. X btlsons m:ry alstr

interact with protons and cause thetn tr'r c-lecay, which u'or-rlcl bc bad news as

it means that irl1 lnatter r'vill eventually disappear inttr a nist '''f c'en fint-r

particles. But the goocl news is that the tinescale for this happening is very

long. That u,e are here ancl ntt ttne has ever seen a proton dccay rnenns that

protons afe very st:rble anrl rnust live fcrr at least 101;-10]5 years, or billions of

billions of billi,rns of ye:rrs, hugely longer than the lifetime of the universe str

far. But this does raise thc possibility that if the universe grows re:rlly old,

then even nonnal matter might one day disappear.

*km ffipffid"ffix*"ffiffiffi Affiwm,
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Dark matter
Ninety per cent of the matter in the universe does not glow
but is dark. Dark matter is detectable by its gravitational
effect but hardly interacts with light waves or matter.
Scientists thinkit may be in the f6rm of MACHOs, failed stars
and gaseous planets, or WIMPs, exotic subatomic particles.
The hunt for dark matter is the wild frontier of physics.

Dark rnatter sount1s exotic, irncl it m:ry be, but its definition is quite
rlundanc. Most of the things u'e see in the universe gkrw becarrse they enrit
or reflect 1ight. Stars twinkle by pumping out phorons, and the pl:rncts
shine by reflecting light frorn thc Sun. Without that light, rve simply woulci
not see them. When the Mqtn p:rsses into the Etrrth's shadow it is d:rrk;
when stars burn out they leavc husks too faint to see; even a planet ils big as

Jupiter woulcl bc invisible iiit was set free to w:rnder far frcrn thc Sun. So it
is, :rt first sight, perhaps nor a big surprise that much of the srLrff in thc
universc does not glow. It is dirrk mirttcr.

Dark side Alth,rr:gh wc cannot see dark matter directly, wc can cietect
its rnass through its gr:rvit:ttional pull on othcr astronornical objects and
also light rays. If we did not know the Moon was rhere, wc could still infer
its presencc because its gravity r.r'oulcl tr-rg:rnd shift the orbit of the Etrrth
slightly. We h:rvc even use.l thc gravity-induccd wobble applied r() ir pirrenr
st:rr to cliscover planets arounrl .listant stars.

ln the 1930s, Slviss astronomer Fritz Zwicky realized thirt a nearh)r giirnt
cluster of galaxies lvas hchaving in a w:ry that irrplied that its rnitss wits
much grcuter than thc wcight of all the srars in the gal:rxics within it. He
infcrrcrl that s()rne unknou'n dark rnirttcr acc()unted frrr 400 times as rnucl-r
rrraterial :rs lurninous nlrtttcr, glowing stars ancl hot gas, across thc entire

Zwicky measures dark matter
in the Coma cluster

Vera Rubin shows that galaxy I
rotation is affected by dark matter
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cluster. Thc sheer amolrnt of d:rrk lniltter was a big surprise, irnplying thnt
most of thc universe was not in the fonn of stirrs and gas btrt sornething else.

So wh:rt is this dark stuff? And where does it hide l

Mass is also missing from individual spiral galaxies. Gas in the outer rcgions

rotates firster than it shoulcl do if the galaxy was only :rs heavy as the

combined rlass,rf stars within it. So such g:rlirxies are lr()re tnassive than
expected by kroking Lrt the light alrnc. Again, t1.re extra clirrk lnatter needs

to be l'runclrc.ls of tit-nes rnore abun.lant than the visiblc st:rrs:rncl gas. Dark
rnirtter is not only spread throtrghout g:rl:rxies, hut its mass is so great thar it
c'lominates the tnotiot-ts of every star within thern. Dark m:ltter even extends

beyor-rcl the stats, filling a sphericirl 'halo' or bubble rrrouncl cr''ery flattenc.l
spiral gai:rxy clisc.

Weight gain Astronotners huve n.rw tri:rppe.l

.lark rnatter not only in indiviclrral girl:,rxics hut
also in cltrstcrs cot-rtait-rit-tg thous:tnrls of galaxies

bound trrgethcr by urutr.ral gravity, :rntl in
superchlsters, cl-rains of clusters Of g:ll:lxies iu a

virst wcb that strctches acr..rss itll of space . l)ark
lnflttcr fcature s u'herevcr thcrc is gravity at w()rk.

on c\re ry scale. If '"ve a.ld u1.r all the clark m:rttcr, we

fin.l that there is :r thousnnd titnes urorc .lark stLrfl

than there is lrrrninor.rs tnrltter.

Tl-rc f:rte of tl're entirc univcrse .lepencls ou its ove rirll u'eight. (iravity's

attraction c,rur-rtcrbalur-rces the expansion of the r.rniverse folll.ving the Big

Rang explrsiou. There are thrcc possihle ()utcolnes. Either the universc is str

heavy that gravity s'ins :rntl it cverrtually c,rll:rpscs bnck in on itsclf (l
ckrsed universe ending in a big cnurch), or thcre is too little mass rtntl it
exlands ftrr ever (ar-r.rpcn trniverse), or it is l.rrccisely balance.l :rncl the
expansion gracltrally slorvs thr,rugh gravity, hut or''er such a long tirne that it
nevcr ccases. The latter scclns the best case fot trur universe; it has precisely

thc right arn()unt of tnatte r to slou' hut nevcr htrlt the expansiott.

73% dark energy

Neutrinos inferred to
have a small mass

MACHOs detected
in the Milkvwav
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Enarg3 b"dga-f
Today we know that only about 4 per cent of the universe's matter is

made up of baryons (normal matter comprising protons and neutrons).

Another 23 per cent is exotic dark matter. We do know that this isn't made

up of baryons. lt is harder to say what it is made from, but it could be

particles such as WlMPs. The rest of the universe's energy budget

consists of something else entirely, dark energy (see p.82). 
}.

WIMPs and MACHOs What rnight dark rratter be rnacle ofl First, it
could be t1:rrk gas cloucls, din'r stars or unlit planets. Thcsc are ca1led

MACHOs, or Massive Cornpact Halo Objects. Alterr-r:rtively the dark
matter could be new kinds of subatomic particles, callecl WIMPs, short for
l7eakly Interactir-rg Massive Particles, which woulcl have virtutrlly no effect
on other matter or light.

Astror-romers have f..rund MACHOs roaming within our L)\vn galaxy.

Bec:ruse MACHOs :rrc large , irkin to the planet Jr-rpiter, they can be spottecl

indiviclurrlly by t1-reir gravit:rtional effect. If a large gas planct or f:riled star

passcs in front of a backgrouncl star, its gravity bends the starlight around it.
The bencling focuses the light when the MACHO is right in frtxrt of the

star, s() thc stirr :rppenrs much hrighter for a rnornent irs it pirsses. This is

callecl'gravitation:rl lensing'.

In terms of relativity theory, the MACHO planet clistorts space-tirne, like a

heavy bali depressing a rubber sheet, which curves the light's r.vavefront

around it (see p.93). Astronomers h:rve looked for this brightening of stars

by the passage of a foreground MACHO agirinst rnillions of stars in the
backgror.rnd, but have found only a fcw such flare-ups, too few to explain all
the rnissing mass of the Milkv Way.

(me univeree is madn montly of dark
matt,er amd da,rk energilr, and urc @'t

know whet eit'hor6f thnm ic.!
$aulPerlmilIer
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MACIIOs ale made c>f nonnal matter, r>r b:rr1ons, built of proton.s! neutr()ns
and electrons. The tightest lirnit on the amount of b:rryons in the universe
is given by tracking rhe heavy hyclr.rgen isorolre cleuteritrm. Deuteriurn u,as

only produced in the Big Bang itself irnd is not formed by srars afreru,ards,
although it can l.e burned within rhern. So, by measurine the arnount of
cleuteriurn in pristine gas clor.rds in space, astr()nomL-rs can estimate the tot:rl
number of 1'r11;1e11, and neutrons that u'ere made in the Big Bang, because
the mechanism for rnaktng deuterium is precisely known. This turns out to
be just a feu'per cent of the rn:rss of the entire universc. So the rcst of the
universe must be in some entirehr clil{erent fcrrm, such as WIMPs.

Thc search firr \7lMPS is nou. rhe
tircus of irttention. Because they
are rveakly' interacting, these
particles are intrinsically clifficulr
to de tect. One c,rndi.lirte is rhe
neutrino. In the lirst decadc
physicists have mcasured its m:rss

and foun.l it to be very small hut
not zero. Neutrinos nake uL', some
, 'f the trniverrc 5 luir\s, hrrt agirin
not all. So there is still roorn firr
other more exotic l:rrtic-.les out
there r.vaiting to be detecte.l, some
ne$r t() ph1'51cr such :is axi.n.s an.l
photinos. Ur-rclerstanding clark
rnatter nia)'yet lighr up tl're rvorlcl
of physics.

The outer parts of a spiral galaxy spin faster due to
dark matter

Distance lrom centre ol galaxy ---->
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Cosmic inflation
Why does the universe look the same in all directions? And
why, when parallel light rays traverse spaceo do they remain
parallel so that we see separate stars? We think that the
answer is inflation - the idea that the baby universe swelled
up so fast in a split second that its wrinkles smoothed out and
its subsequent expansion balanced gravity exactly.

The universc wc live in is special. \When we look out into it we see clear
irrriiys of stars and clistant gal:rxics without distortion. It cotrld so e:rsilv bc
otherwise. Einstein's general rel:rtivity tl-reory describes gravity :rs ir warpcd
shcet of spirce ancl tirne upon which light rays rvencl their way along curved
p:rths (see p.93). So, potenti:rlly, light rays could becorne scrambled, ancl the
universe we look out on to could aplear distorted like reflections in a hall
of mirrors. But over:rll, apirrt frorn thc o.ld deviatior-r as they skirt ir galaxy,

light r:rys tend to travel more or less in straight lines right rrcross the
universe. L)ur persl.rcctive remirir-rs cleirr all the way to thc visible eclge.

Flatness Although relativity theory thinks of space-timc as bcing ir

cun'ed surface, astr()n()1ners sometimes describe the universe as 'flat',
meaning that pirrirllel light rays rernain parallel no matter how far they
travel through space, just as they would do if travelling:rkrng a flat plane.
Space-time can be picturcd as :r rubber sheet; heavy ohjects th:rt weigh
dorvn the sheet and rest in its dips reprcscnt gravity. In reirlity, space-tirne
h:rs more clitnensirx'rs (at least four: threc of spacc and one of tirne), br-rt it is

harcl to imagine those. The fabric is also continu:1lly cxpanding, following
the Big Bang cxplosion. The universe's geometry is such that the sheet
remains mostly flat, like a tabletop, givc or t:rkc somc small dips and lurnps
herc or there due to the patterns of rnatter. So light's path across the
tuntverse is rclativcly unaffected, bar the odd det()rlr arounri u massive bocll'.

Guth proposes inflation
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If there w:ls to() rnuch m:rtter, then cvcrything would weigh thc shcet ,-lown

antl it u'oultl eventually folcl in on itsclf, reversiug the expansion. In this

scenario, pirrallel light r:rys would evcntually ctx-rvcrge. If there was to()

little rnattcr rveighing it down, then thc spilce tirne sheet 
"vould 

stretcl.r irncl

pull itsclf apart, an.l thc parallel light rays would divcrge as they crossecl it.

However, our re:rl universe seelns t() be somewhcre in the n-riddle, with just

cnough matter to hold the universe's fabric together while expanding

steadily. So thc untverse irppcilrs to be prccisely poise,:I.

Sameness Another featurc of the univcrse is

thirt it appears roughly the s:rme wherever wc

l,utk. The gltlltxics rl() I)()l c{)nLelltrillc in onc

spot; thcy are littered in all tlirections. This
rnight not seem thirt surprising :rt first, but it is

unexpected. Thc puzzle is that the unirrersc is so

big that its opposite eclges should not be ablc tcr

comrnunicatc even at the spced of light. Though
it has only existed for 14 billion years, it is more

than i4 hillion light years across in size, so light,
even though it is travelling at the fastest speed

attainable by any transmittecl signal, has not had

time to get from one sicle of the universe to the
other. How then docs one side of the universe

know what the othcr sitle shoulcl ltnk like? This
is the 'horizon problem', where the 'hoiizon' is the furthest clist:'rnce that
light has travellecl since the hirth of the universe, rnarking an illurninatecl

sphere. There are regions of spirce that we cannot and will never see,

because light frorn there has not yet had time to travel to us.

10r0
years

6ft is seid th&t there's no such thing
as a fbee fun*h. Rrrt the un:iverse

is the u$imetc frec funeh.$

Steady expansion

$an &uth

NASAs COBE satellite detects hot and
cold spots in the microwave background

WMAP satellite maps cosmic
microwave background
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{aoru'a-lrg of -lha univarsa
From the latest observations
of the microwave background.

such as those of the

Wilkinson Microwave
Anisotropy Probe (WMAP)

satellite in 2003 and 2006,

physicists have been able to
measure the shape of
space-time right across the

universe. By comparing the

Smoothness The universe is also quite smooth. Galaxies are spread
fairly uniformly across the sky. If you squint, they form an e\/en glow rather
than clumping in a few big patches. Again this need not have been the
case. Galaxies have grown over time due to gravity. They started out as just
a slightly overdense spot in the gas left over frorn the Big Bang. That spot
started to collapse due to grtrvitl', forming stars and eventually building up a

galaxy. The original overdense seeds ofgalaxies were set up by quantum
effects, minuscule shifts in the energies of particles in the hot ernbryor-iic

universe. But they could well have amplified to make large galaxy patches,

like a cow's hide, unlike the widely scattered sea that we see. There are

many rnolehills in the galaxy distribution, rather than a fer','giant
molrntain ranges.

Growth spurt The flatness, horrzon and smoothness problems of the
universe can all be fixed with one idea: inflation. Inflation was developed as

a solution in 1981 by American physicist Alan Guth. The horizon problem,
that the universe looks the same in a1l directions even though it is too large
to know this, irnplies that it must at one time have been so smali that light
coukl communicate between all its regions. Because it is no longer like this,
it r.r.rust hal'e then inflated quickly to the proportionately bigger universe we

see now. But this period of inflation must have been extraordinarily rapid,
much faster than the speed of light. The rapid expansion, doubling in size

sizes of hot and cold patches

in the microwave sky with the

lengths predicted for them by

Big Bang theory, they show
that the universe is 'flat'. Even

over a journey across the

entire universe lasting

billions of years, light beams

that set out parallel will
remain parallel.



7g

in ra,thmm fsmtaffino to reaIfuo thet
tbe laws of physicc can &scribe how
evervtrbing was crea,ted in a random

qua.n[un fuctua,tion out of nothing.]
Alan Guth

ancl doubling again and again ir-r a split second, smeared t-,ut the slight

clensity variations irnprinted by quantum fluctuations, just irs a printed

pattern on an inflated balloon becomes fainter, and the unit'erse became

smooth. The inflationary process also fixed up the subsequent balance

betlr,een gravity and the final expansion, proceeding at a much mt-tre

leisurely pace thereafter. Infl:ltron happenecl almost immedi:rtely after the

Big Bang fireball (10-r5 seconds afterwards).

0 10 32 sec 3 minutes 380,000 years 200 million years

Age ol the Universe

lnflation has not yet been proven and its ultimate cause is not well

understood - there are as many models as theorists - but understanding it is

a goal of the next generation of cosrnology experiments, which will involve

the production of more detailed maps of the cosrnic mictowave background

ratlratirrn and itt p, rlarizat ion.
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Cosmological
constant-

Nbert Einstein believed that adding his cosmological
constant into the equations of general relativity was his
biggest blunder. The term allowed for the speeding up or
slowing dov,'n of the rate of expansion of the universe to
compensate gravity. Einstein did not need this number and
abandoned it. Ilowever, new evidence in the lggOs required
that it be reintroduced. Astronomers found that mysterious
dark energy is causing the expansion of the universe to speed
up, leading to the rewriting of modern cosmology.

Einstcrn thought that we lived irr n stcady stntc Lrniverse rather thirn one
with :r Big Bang. tying to write cfuwn the equations fol this, however, he
rar-r ir-rto a prohlcm. If you just hacl gravity, then everything in the universe
would ultirnately collirpsc into a point, perhaps a black holc. ObvioLrsly thc
real universe rv:rsn't likc th:lt, so Einstein adilecl :rnother tenn t() his theorv
to counterb:rl:rnce gr:rvit1', u sort of repulsive 'irnti-gravity' tcrn-i. Hc
ir-rtnrducetl this purclv to milke the equations look right, not because he
knew of such a force. But tl'ris forrulation wirs irnrnecliately problcmaticr.

If there wils:r colllltcrfrrrce to grirvity, then jr-rst as untriullnelled gravity
coulcl cause coll:rpsc, an anti-gravity force coulcl :rs e:isily irn-iplify t() teiir
apart regions of thc r-uriverse that were not he ld togethcr by gravity's glrre.

Rather th:u-r irllow sr-rcl-r sl-rredding of the universe , Einstcin preferred to
ignore his seconcl rcpulsive tern and irdmit hc h:rd maclc :r n-ristirke in
introdrrcing it. L)thcr physicists also 1.,referrerl to exclude it, rclcg:rting it trr

Einstein publishes the general
theory of relativity
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supplementar5l term [r
introduced. That tem isintrdlrccd. That term is noeessarSr only fior ths purlpse

of rnalring poesihle a quasi-statie dist*iEution of mafter.t

(m is to bc eml$asidi howevor, t'hat a trmciti.ve
curva,turo of space is g:iven b5r our rosults, evon if t'hs

@nstantl is not

Alhert finstein

history. C)r so they tl-rought. The tenn was not forg{)ttcn - it u'rt: preserved

in tl-rc reliitivity eqlrati()ns, hut its vtrlr:e, thc cosmologicirl const:rnt, wtts set

to zero to clisrniss it.

Accelerating universe in the 1990s, two groups of astr()n()mers wert:

mapping supern()v:le in distant galaxics to lneirsLlre the getttnetry of spacc

u'hen they firuntl tl-r:rt clistant slrpernovae iippcarcd fainter than thcy shoulci

be. Supcrnovae, the hrilliant cxflosions of cl1,i1g strrrs, c()mc in tnrrrry t1pes.

Type la supcrn()\,ae hirvc a prctlictirble hrightncss ttn..l so irre trscful firr
inferring clistances. Just likc the Cepheid vari:rhle st:rrs that
r.vere rrst:,1 f() rnelrsure t1-re distirnces ttr
galaxics to cstahlisl-r l{ubble 's larv,

thc intrir-rsic brigl-itncss of Type

Ia sul.ernov:lc can be workeci
()lll fronl tlreir light:|cctr;r \()

thirt it is possiblc to s:ry how far
away they mlrst hc. This all
r.vorked fine firr supcruovae that
rvere neirrby, but thc tn,rre distant
sllpernovile were too f:lint. It w:rs as if

thcythcy were fr.rrther a'"vay frour us th:lu
should be.

Slowing expansion

As more nncl morc dist:rnt supern()\'irc were

cliscovered, the pattcrn of the dirnming with
clisttrnce l.egan t.r sLlggest that the e xpansiot-r of the

,/

Hubble shows space is expanding and
Einstein abandons his constant

Supernova data indicate the need
for the cosmological constant

Big Bang
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universe was not steady, as in Hubble's law, but was

accelerating. This was a profound shock to the cosrnology
community, and one that is still being disentangled toda1,.

The supernova results fitted well with Einstein's equati,rns,
but only once a negative tenn was included by raising the
cosmokrgical constant frorn zero to about 0.7. The supernova
results, take'n with other cosmokrgic:rl data, such as the
cosmic microwave background radiation pattern, showed

that a new repulsive force c.-'unteracting gravity was neecled.

But it was quite a weak force. It is stiil a puzzle today why it is

so weak, as there is no particular reason why it did not adopt
a much larger value and perhaps completely dominate space over gravity.

Instead it is very close in strength to gravity so has a subtle effect on
space-time as we see it now. This negative energy term has been named
'dark energy'.

Dark energy The origin of dark energy is still elusive. A11 rve know is

that it is a fonn of energy associated with the vacuum of free space, creating
a negative pressure in regions devoid of gravity-attracting matter and thus
causing regions of empty space to inflate. We know its strength roughly
frorn the supernova observations, but we do not know much more. We
don't know if it truly is a constant - whether it always takes the same value
right across the universe and for all time (as do gravity and the speed of

light) - or whether its value
changer with time str that it
may have had a different value
just after the Big Bang compared
with now or in the future. In its
more general form it has alscr

been called 'quintessence', or
the fifth force, encompassing all
the possible ways its strength
could change with time. But it
is still not kn.,wn holv this
elusive force rnanifests itself or
how it arises within the physics

of the Big Bang. It is a hot tolic
of study for physicists.

o
o
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o
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Nowadays we have a much better understanding of the geometry r.rf the

universe and what it is made up of. The discovery of dark energy has

balanced the books of cosmology, making up the difference in the energy

budget of the whole universe. So we now know that it is 4 per cent normal
haryonic matter, 23 per cent exotic non-baryonic matter, and 73 per cent
dark energy. These numbers add up to about the right amount of stuff fcrr

the balanced 'Goldilocks universe', close to the critical mass where it is

neithcr ofen n()r cl,'teJ.

The mysterious qualities of clark energy, however, mean that even knttwing

the total mass of the universe, its future behaviour is hard to predict because

it depends on whether or not the influence ofdark energy increases in the

future. If the universe is accelerating, then at this point in time, dark energy

is only just as significant as gravity in dominating it. But at some point the

acceleration lvill pick up and the faster expansion will overtake gravity. So

the universe's fate may well be to expand ftrr ever, faster and faster. Some

scary scenarios have been proposed - once gravity is outstripped, then
tenuously helcl-together tnassive structufes will disconnect and fly apart;

eventually even galaxies thernselves will break up, then stars will be

evaporated into a mist of atoms. Ultimately the negative pressure could
strip atoms, le:rving only a grirn sea of subatornic particies.

Nevertheless, although cosmology's jigsaw is fitting together now and we

have measured a lot of the numbers that describe the geometry of the

universe, there are still some big unanswered questions. \7e just don't know
what 95 per cent of the stufT in the universe consists of, nor what this new

force of quintessence really is. So it is not yet time to sit back and rest on
our laurels. The universe has kept its mystery.

the condensed ldea,'')
i, i
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Mach's principle
Due to gravity, everything in the universe attracts and is
attracted by everythins else. Ernst Mach. Austrian nhiloach,attracted by everything
and physicist, thought about why it is that objects far away

n philosoph
r far awav

affect how things move, and spino nearby - how the distant
stars even tug upon a child on a merry-go-round. His principle,
that 6mass there influences inertia here', grew from asking how
you can tell if somethine ls moving or not.

If you have ever s:lt in a train irt ir station:rnd seen through thc window a

neighbouring carriage pull irway from yours, you will knorv th:rt sornetimes
it is h:rrci to tell whcther it is your own train leaving the st:rtion or the other
arriving. The same thing lecl us ro rhink incorrectly for cenruries that the
Sun orbited the Earth. Is there a u,'ay that you could measurc frrr sure which
one is in motion?

Mach grapplccl with this quesrion in the 19th cenrury. Hc rvas treading in
the footsteps of Isaac Newron, who had believecl, unlike Mach, rhar sp:rce
was irn absolute backdrop. Like graph paper, Newton's space containecl an
engraved sct 0f coordinates, ancl he mappecl all m.rti.rns zrs rnttvernents with
respect to that grid. M:rch, however, disagreed, arguing instead thilt ltlotir)n
was only meaningful if rneasured with respcct ro another object, ratlrer than
the grid. What does it mean to be moving if not relative to something else?

In this sense Mach, who was influenccd by the earlicr ideas of Newton's
competitor Gottfried Lcihniz, was ir frrrerunner to Albert Einstein in
preferring to think th:rt only relative motions macle sense. Mach :rrgued
that bec:ruse a ball rolls in the s:rmc r.vay whether it is in France or
Australia, the grid of space. is irrelevanr. The only thing that cirn
conceivably affcct how the ball rolls is gr:rvity. On the Moon ir rnight wcll

er

Aristotle states that objects
move due to the action of forces

Galileo formulates the
principle of inertia
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roll cliffcrcntly becirr.rse thc gr:n'itati,on:rl ftrrce pulling on its

rnass is wcirker there. Becilusc every object in the universe

exerts a gr:rvitirtional pr-rll on cvcry other, eacl-r object will
feel each othcr's presence through their mutual :rttrJcti()ns.

So nrotion nlust ultilniitely dcpencl on tl're clistribution of
mattcr, or its rnass, not ()11 the pmperties of sp:rce itself.

Mass \7hat exactly is mass? It is a mcirsure of how mr,rch

nlatter an ohjcct cotttnitts. The rnass of :r hlmp of rnet:'r1

u'ouL-l he equill to the suur of the masscs of till the i.rt()rrls in
it. Mass is suhtly iliffcrent frorn lveight. S7e ight is a me:rsurc

of the f,rrce of gravitlt pulling a m:rss r]..rwn an astronaut

weighs lcss on the Mrxrn rhan on Earth hecirr,rse thc
gravit:rtional ftrrce exertcd by the srnaller Moon is less. Ilut
the astronaut's mllss is the sirme - thc number of atoms hc cttnt:rins has not
ch:rnged. Accorcling to Albert Einstcin, who showecl that energy trnd mirss

are interchar-rge:rh1c, m:lss ciln be convertecl into pure encrgy. So mass is,

ultirn:rtely, energy.

Inertia Inerti:l, named after tl're L:rtin word ftrr 'laziness', is very sirnil:rr ttr

mass br-rt tclls us how harcl it is to move something by :ipplying a ftrrce. An
object with lnrge inertia resists tnoveurent. Even in otttcr space l mitssive

object takcs a large force to movc it. A giant rocky asteroicl on collision
course with the Earth rn:ry need :r huge shove to deflect it, whether it is

created by ir nucle:rr expkrsirxr or by a sm:rller force applied for a longer

time. A sm:rller spircecraft, with less inertia thar-r the asteroid, rnigl-rt be

nlanr)('uvrcJ errsily with tiny jt't engtnes.

It was the 17th-ccntury Italian iistronomer Calileo Galilei u'ho proposetl

the principle of incrti:r: if an object is left alone, and no ftrrces trre applied

to it, then its statc of motion is unch:rngec1. lf it is tnoving, it continues ttr
move :rt the samc spcetl and in the sarne direction. If it is standing still it
c()11tinues to do so. Newton refined tl'ris itlea to form his first 1aw of rnotion.

Newtonts bucket Newton also codified gravity. He saw that masscs

Newton publishes his
bucket argument

Mach publishes 'the
science of mechanics'

Einstein publishes the
special theory of relativity
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attract one 2rnother. An apple falls frorn a tree to the gror,rnd because it is
attracted by the Earth's mass. Eqr-rally, the Earth is attr:rcrecl by the apple's
tnass, but we would be hard pressed to rr-ieasure the microscopic shift of the
whole Earth rowirrds the apple.

Newton proved that the strength of gravity falls off quickly with clisrance,
stt the E:rrth'.s gravitation:rl force is rnuch weaker if we are floilting high
above it rather than on its surface. But nevertheless we would still feel the
reducecl pull of the Earth. The further away we go, the weaker it would get,
but it coulcl still tweak our tnotion. In fact, all objects in the universe nay
exert a tiny gravitational pull that rnight subtly affect our movemenr.

Newton triecl to understand the relationships between objects :rnd
lnovetncnt by thinklng about :r spinning bucket of water. At first when the
bucket is turned, the water stays still, even though the hucket moves. Then
the water starts to spin as well. lts surface dips as the liquid tries to escape
hy creeping up the sides but it is kept in place by the bucket's confinir-rg
ftrrce. Newton argued that the water's rotation coulc-l only be unclerstootl if
secn in thc fixecl ref'erence frame of absolute space, against its grid. We
could tell if the bucket was spinning just by looking at it hecausc we would
see the ftrrces at play on it proclucing thc concave surface of the w:rter.

Centuries later Mach revisited the argument. What if the u'ater-filled
hucket were the only thing in the universe? How could you know it was the
b'cket that was r.tarir-rgl couldn't you equally well say rhe warer wirs
rotating relative to the bucket? The only way tLr rnake sense of it would be
to place another object into the bucket's universe, say the wall nf a room, nr

ERN$T MACH 1838-lgr6

As well as for Mach's principle,Austrian physicist Ernst Mach is remembered for his work in
optics and acoustics, the physiology of sensory perception, the philosophy of science and
particularly his research on supersonic speed. He published an influential paper in 1877 that
described how a projectile moving faster than the speed of sound produces a shock wave,
similar to a wake. lt is this shock wave in air that causes the sonic boom of supersonic
aircraft.The ratio ofthe speed ofthe projectile, orjet plane, to the speed ofsound is now
called the Mach number, such that Mach 2 is twice the speed of sound.

I f ',&cirlr' ]retr:lrrapfi\*&iwtFtrhs@qq!ryiErMtrw
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even a distirnt star. Thcn the br-rcket u'ould cleilrly be spinning relativc tt'r

that. But r.vithout the frame of a stationary r(x)lrl, and the fixed stars, rvhtr

could siiy whether it w:rs the bucket or the wirter that rotates? We

experience the same thir-rg when we watch the Sun and stars arc ircross the

sky. Is it thc stars or thc E:rrth thirt is rotating? How can we knrtwl

According to Mach, irncl Leibniz, motion requires external referencc ()bjects

for us to mirke sense of it, and therefcrre inertia as a concept is mc:rningless

in a universe with just one object in it. So if the universe were devoid o1

any stars, we'd never knor.v that t1-re Earth u'irs spinning. The stars teli trs

u'e're nrtating relative to them.

The icleas of relative versus al.solute l.notion exprcssed in M:rch's principle

have inspirecl many physicists sincc, notably Einstein, who coinecl the name

'Mach's principle'. Einstein used the idea that :rll motion is relative to btrilcl

his theories of special and gcneral relativity. He also sitlved one of the

outstanding problems u'ith Mach's ideirs: rottttion ancl acceleratitln must

create extra forces, but wherc were theyl Einstein showed that if everything

in the universe were rotating relative to the Earth, wc would incleed

experience a sm:rll fcrrce that r'vould cause the planet to wohble in :r

certain rvay.

The nature of space hirs pr-rzzled scientists for rnillennia. Motlern particle

physicists think it is a seething cauldron of subatornic particles being

continually createLl and destroyed. Mass, inerti:t, forces :rncl motion rn:ry 2ll

in the end be manifestations of a bubbling qu:tntum soup.

ths #$ITd,ffrhstrd" tstmn
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Special relativity
By thinking about relative motions, Nbert Einstein showed in
1995, thaj;trgnge effects happen when things move very
quickly. watching an object ipproach light foeed, you'd see it
!9com9 heavier, contract in length and ige ti.o". siowly.
That's because nothing can traiel faster ih.t the speei of
light, so,time and space distort to compensate whe^n
approaching this universal speed limit.

]t is true tl-rat'in space n() one can hcar y.u screanl': s.unrl u,a'es rir-rg
tl-*rugh air, hut their vibrati.ns ciinnot bc trirnsmittcd rvhere there arc nt,
atrrrns, whercas light c,n spread thr.r-rgh cmpty spricc, .s u,e kn.w bccausc
*'c see the Sr,r'r .nd stars. Is spncc fillc.l with a speci.l mc.liu'r, a s.rt .f
e lectric air, tl'rror-rgh rvhich electrornagnctic waves propirgatel pl-rysicists at
thc er-r.l .f the lgth cclrtury th.ught s., bclieving that space was ei.fusecl
u'ith ir gas or'cther' through u'hich light could ratlitrtc.

Light speed ]' 1887, h.*,cver, :r fn.r.Lrs cxperi'ent pr..",e.'l thc etl-rcr
did n.t exist. Bccausc thc Earth m.ves :r.rund the Sun, its p.siti.n in space
is alu'ays cha^girg. Albert Michels.r'r .'cl Edwartl Morlcy clcvisetl .n
ingenious expcrirncnt that $'ould clctect rno\,e rnent agninst it if the ethcr
were fixed. Thcy c.rnparc.l tw. hea.rs .f lighr tra'clling cliflcrent p:rt]rs,
firecl irt right angles to one another nnd reflecte.l back ofT itleptically f:rr:rrv:ry
ntiLrors. Just :rs ir swirlrner tirkes lcss time to travcl acr()ss n river frorn one
bank t. tl're other:rnd b:rck than t. swirn the sarne distance Lrpstrcr:ln :rg:rinsr
the current an.l d.r.vnstrcanr with it, thcy expected a si'nilar result fbr lighr.
The rivercrrrrent rnimics the moti..r of the Earth thr.ugh the ether. BLrt
there wtrs r-*r such rliffbrcnce - thc light bearns rerurned to their stirrtir-rg
p.ints .t c'xactly thc si'ne tirne. N. marrer wl-rich directi,rn the light

Michelson and Morley are
unable to verify the ether

Mach publishes'the
science of mechanics
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(tUe introderetion of a tight'cth*r will prov@ to bc
super$uous since . . . nsithsr will a s*Fee in ahmlute

rest endoured with speciaf proporties bo intmdud nor
will a velocity vector be assmietcd with a point of em1$y
spase in which electromagnetic prooesses talre place.t

f,lhert tinstsin

travelled, ancl l'r,rrv the Earth w:rs moving, the speed of light remained
unchangecl. Lightls spccd was unafTcctccl by motkrn. The experiment proved

the ether did not exist - but it trxrk Einstein to re:rlizc this.

Just like Mach's principle (see p.87), this meant that there was no fixecl
b:ickground grid against which oblects rnoved. Unlike watcr waves or sound
waves, light appeared to alwirys tmvcl at thc s:rmc speed. This wtrs odcl irncl

quite different frorn our usuirl cxpcricncc where velocities add together. If
you are driving in :r c:rr at 50 km/h :rnd another passes you at 65 krn/h, it is

as if you are stirtionary and the other vehiclc is travelling at 15 krn/h past

you. But even if you were nrshing at hundrc.ls of krn/h, light would still
travel at thc samc spccd. It is ex:rct1y 100 rnillion metres per seconcl

whcther you ilre sl-rining a torch frorn yor:r seat in a fast jet plane or from
the sadclle of a bicycle.

It was this fixed spee,.l of light that puzzlecl Albert
Einstein in 1905, leading him to devise his theory of
special rcl:rtivity. Then irn ur-rknowr-r Swiss pirtent c1erk,

Eir-rstein u'orkecl oLrt the equations fi'orn scratch in his
spure morncnts. Spccial relirtivity wtrs the biggest

brcakthrough since Newton trnd revolrtionized physics.

Einstcin stilrted u'itl-r the :rssumption that tl're speed of
light is il c()nstilllt r':rh.re, an.l appears the sarne frrr any
trbscrve r r1() rniltter how fast they are rnoving. lf the
s1,cc.l ,rf light rl,res n()t ch:rnge, reirsttnetl Einstein,
sornething else must change to c()lnpensate.

Einstein publishes the
special theory of relativity

Einstein publishes the
theory of general relativity

Time dilation is demonstrated
by flying clocks in planes
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Twin parao\ox
lmagine if time dilation applied to humans. Well it could. lf your identicaltwin was sent off
into space on a rocket ship, fast enough and for long enough, they would age more slowly
than you on Earth. on their return, they might find you to be elderly when they are still a

sprightly youth. Although this seems impossible, it is not really a paradox, because the
space-faring twin would experience powerful forces that permit such a change to happen.
Because of this time shift, events that appear simultaneous in one frame may not appear
so in another. Just as time slows, so lengths contract also. The object or person moving at
that speed would not notice either effect; it would just appear so to another viewer.

i:I

Space and time Folkrwing ide:rs developecl by Edward Lorcnz, Georgc
Fitzgerald :rnd Henri Poinctrr6, Einstein showed that space and time must
distort tc) :rcconmod:rte the different viewpoints of nbservers travelling
ckrse to the speed of light. The three dimensions of space and one of tirne
made up a four-ciimensional wrtrld in which Einstein was able to exercise
his vivid irnagination. Speecl is distance divided by time, so ro prevenr
anything frorn exceeding rhe speed of light, distances must shrink and time
slow rirwn to compens:lte. So a rocket travclling away frtrm )'tru at near
ligl-rt specd kxrks shorter trnd experiences time rnore slowly than you do.

Einstein worked out how the larvs of motion could be rewritten frrr observers
travelling at clitTercnt speecls. He ruled out rhe existence of a stationary frarne
.f reference, such as the etheq and stated that all mrtion was relati'e, with
no privileged viewpoint. If you are sitting on ir train and see the rrain nexr rtr
you moving, y()u may not knclw whether it is your train or the other one
pulling out. Moreover, even if you can see that your train is stationar) at the
platform you c:rnn()t assume that you are irnmobile, just that you are not
moving relative to rhar platform. We do not feel the morion of the E:rrth
irrouncl the Sun; similarly, we never notice the Sun's path across our own
galaxy, or our Milky Way being pullecl towards rhe huge Virgo cluster of
galaxies beyon.l it. All thrit is experiencecl is relative morion, between yotr
:rnd the pl:rtfrrnn or the Earth spinning against the stars.

6me m{!nt
wmld is

Rlhert Einstein
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Einstein called these different viewpoints inertial frames. Inertial
frames are spaces that move relative to one another at a constant
speed, without experiencing acceleratior-rs or ftrrces. So sitting in
a car travelling at 50 km/h you are in one inerti:rl frame, and yttu

feel just the s:lme as if you rvere tn a train travelling at 100 km/h
(another inertiirl frarne) or a jet plane travelling at 500 krn/h (yet

an()ther). Einstein statcd that the laws of physics are the same in
ail inertial frirmes. if you dropped your pen in the car, train or

p1ane, it would fall to the floor in the same way.

Slower and heavier T|rrning next to relative mr)tions ncirr

the speed of light, the maximum speed practically :rttainable by mirtter,

Einstein preclicted that tirne woulcl slow clown. Time dilation expressecl the

firct th:rt clocks in difTercnt moving inertial frames m:ry run at clifferent

speeds. This u'as proved in 197 I by sending fcrur iclentical atotnic clocks on
scheduled flights twice arcund the world, two flying eastwirrds and twtr

u,estwards. Cornparing their tirnes with a rnatched clock on the Earth's

surface in the United States, the moving clocks had each lost :l fr:rction of a

scconcl cornpared r.vith the grounded clock, in agreclnent u'ith Einstein's

special relativity.

Another way that objccts are preventccl frorn passing the light-speccl barricr
is th:rt their rnass gr()ws, according to E : mcl. An object woulcl become

infinitely large at light speed itself, rnaking any further :rcceleration

irnpossible. And anything rvitl-r mirss cilnnot reach the speecl of light
exactly, but only i,rpproach it, as the clttser it gets, the heavier hnd tnore

clifTicult to accelerate it becomes. Light is macle of m:rss-less photons str

these irre un:rffecte.l.

Einstein's special relativity was a radic:rl clepartr-rre from what hatl gone

befirrc. The equivalence of mass an,-l energy was shocking, as u'ere all the

irnplic:rtions for time clilatior-r ancl m:rss. Although Einstein was :L scicntific

nohocly when he puhlisherl his icleas, they 
"vere 

reacl bv top tr.rhysicist lvl:rx

Planck, irnd it is perh:ips becar-rse of his adoption of the theory th::rt it
bccame ircceptcd and not sidclined. Planck s:rw the beauty in Einstein's

equations, cat:rpulting hirn to global firn-re.

6ft is impocsibfe
to travef fast€r
than ths ssccd
of light, a.lnd
ccrta.inly not
dnsirahla, as
one's ha,t keeps
blowing otr t
Woody Allen
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Ilcorpglating gravity into his theory of special relativity,
Albert Einsteints theory of general relativity revolutionized
our view of space and time. Going beyond Newtonrs laws, it
opened up a universe of black holes, worm holes and
gravitational lenses.

General relativity

Irn:rgine a pe rs()n ju*rping .ff :r tall b.ilding, .r piLrachuting fro'r a pli're,
being :rcceleratcd t.wartls the gr.r-rncl by gravity. Einstein rcalize,,'l that i.
this statc of free firll they.licl n()t cxperiencc gravity. In otl.rer words thcy
werc weightlcss. Tr:rinee itstr()nauts totlay re-crcate thc zero-gr:rvity
conrlitior-rs of space in just this way, by flying in a passellgcr jet (nttractively
r.ricknarned thc V'nit c.rnet) in a prith that urimics a r.ller c.:rsrcr. When
the 1-,lllne flics upwards, the p:rsscngers :rre gltrecl to their seats as they
expcrience cvcn str()11ger tirrces of Hrrrvity'. Rut when it tips fonvards an.l
phnnmets tl.u'nwartls, they nrc reletrsecl frorn gravity's pLrll arrd can fbnt ir-r

the ho.lv of thc aircrirft.

Acceleration Einstein rcc.gnizctl that this accelcrati.n was eclui'alent
t. the f.rce .f gm'ity. S., just as spccial rclativity tlcscribes rvhat h:rppe.rs
in refercnce fritrncs, or incrtial fr:rmes, rnrtving at some constant speccl
relati'"'c to one trnother, grlrVitl \'.rs a c()nseLlrrcncc of being in ir refcrcnc-.e
frarne that is accclerarir-rg. I1e callcd this the h:rppiest thor-rgl-it.f his life.

C)r'cr the next feu' ycars Einstcin exploretl thc conse.lucnces. T:rlking
through his idcas rvith trustetl colleirgr-rcs ancl using tl-re latcst nrtrthcrnaticirl
fonn:rlisns to cncapsul:rte them, he piececl togethcr the full theory of
gr:rvity that he called gcnertrl rclativiry. TLre ye:rr he published rhc rvork,
1915, pr.ved cspeci.lly hr-rsy, an.l ahn.st irnrnediately he rc'ised it sever.l
trrncs. His pecrs \'vere irst,rundc.l by his progress. Tl-re theory e'"'en 1,ro,,luced

Einstein publishes special
theory of relativity
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{time a^rrd spaoe and gravitation have no- separatdexistencC from matter.!
AlhsFt Ein$tsin

bi:arrc testable preclictions, including the idea th:rt light coulcl be bcnt by a

gravitationirl ficld, and irlso thnt Mcrcury's elliptical orbit woulcl rotirte

skr',vly bec:usc of thc gr:rvity of thc Strn.

Space-time In ger-reral re1:rtivity thcory, the three dimensions of space

:rnrl onc of tirne arc cotnl.inerl into a ftrr-rr-tlitnensional spircc-titne grid, or

rnetric. Light's spcc.l is still fixctl, irncl nothing can exceecl it. lVhen tno'u'ing

and irccclcr:rtir.rg, it is this space-tirne mctric that distorts to maintain the

fixed spcetl of light.

General rclativity is bcst in-raginecl hy visualizing space titne as a rubber

sheet strctchecl ircr,rss ir l-rollrw tablett4r. C)bjects with rnirss irre like

r.i'eightctl balls placc.l on the sheet. Tl-rcy depress space-tirnc :rrottn.l thetn.

hnaginc y..rr.r placc :r 1',all represer-rting the Eirrtl-i on the shect. lt firrnrs ir

rlepression in the luhber planc in u'hich it sits. If you then threl'in ir

Einstein publishes general
theory of relativity

Eclipse observations verify
Einstein's theory

Evidence for black
seen in space
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Actual
position

ol star

smaller ball, say as an asteroid, it would roll down the slope

towards the Earth. This shows how it feels gravity. If the
smaller ball was moving fast enough and the Earth's dip
was deep enough, then just as a daredevil cyclist can
ride around an inclined track, that body would

maintain a moon-like circular orbit. You can think of
the whole universe as a giant rubber sheet. Every trr-r€ rrf

the planets and stars and galaxies causes a depression that

# :'1-
I ./l

Apparent
position
ol star

can attract or deflect passing smaller objects, like balls
rolling over the contours of a golf course.

Einstein lrnclerstcxrd that because of this warping of space-time, light would
be deflected if it passed near a massive body, such as the Sun. He predicted
that the position of a star observed just behind the Sun would shift a little
because light from it is bent as it passes the Sun's mass. On 29 May 1919,

the world's astronomers gathered to test Einstein's predictions by observing
a total eclipse of the Sun. it provecl one of his greatest moments, showing
that the theory some thought crazy was in fact close to the truth.

Warps and holes The bending of light rays has now been confirrned
with light that has travelled right across the universe. Light fiom very
distant galaxies clearly flexes when it passes a very rnassil'e region such as a

giant clrster of galaxies or a really big galaxy. The background dot of light is

smeared out into an arc. Because this mimics a lens, the etTect is known as

gravitational lensing. If the background galaxy is sitting right behind the
heavy intervening object, then its light is smeared out into a complete
circle, called an Einstein ring. Many beautiful photographs of this spectacle

have been taken with the Hubble Space Telescope.

Einstein's theory of general relativity is now u'iclely applied to rnodelling the
rvhole universe. Space-time can be thought of like a l:rndscape, complete
with hills, valleys and potholes. General relativity has lived up to all

(A'rrnrr sitfi with a nratty Sirf for an
hour, it cnems lihe a nninute. IilG sits on

a hot qtouo fhr a rnirtrrt&, it's lonser
thnn qny hour" Thftt ic ret*tivity.t

Alhert [inst8in

Earth
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Qrav*g waves
Another aspect of general

relativity is that waves can be set

up in the space-time sheet,

radiating especially from black

holes and dense spinning

compact stars like Pulsars.
Astronomers have seen pulsars'

spin decreasing, so they expect

that this energy will have been

lost to gravity waves, but the

waves have not yet been

detected. Physicists are building
giant detectors on Earth and in

space that use the expected

rocking of extremely long laser

beams to spot the waves as they
pass by. lf gravity waves were

detected, then this would be

another coup for Einstein's

general relativity theory.

observational tests so far. The regittns where it is tested most are ones where

gravity is especially strong, or perhaps very weak.

Black holes (see p.96) are extremely deep wells in the space-time sheet.

They are so deep and steep that anything that comes close entlugh can fall
in, even light. They mark holes, or singularities, in space-time. Space-time

may also warp into wonn h..rles, or tubes, but no one has actually seen such

a thing yet.

At the other end of the scale, where gravity is very weak, it might be

expected to break up eventually into riny quanta, similar to light that is

made up of individual photon building blocks. But no one has yet seen any

graininess in gravity. Quanturn theories of gravity are being developed' but

without evidence to back it up, the unification of quantum theory and

gravity is elusive. This hope occupied Einstein for the rest of his career, but

even he did not manage it and the challenge still stands'

the uondensed ldea
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Black holes
Falling into a black hole would not be pleasant, having lour ,
limbs iorn asunder and all the while appearing to your friends
to be frozen in time just as you fell in. Black holes were first
imagined as frozen stars whose escape velocity exceeds that
of tight, but are now considered as holes or tsingularitrls' in
Einsieints space-time sheet. Not just imaginary, giant black
holes populite the centres of galaxies, including our owno and
smaller ones punctuate space as the ghosts of dead stars.

If you throw a ball up in the air, it reachcs a certain height and then falls

back dowr-r. The faster you fling it, the higher it goes. If you hr"rrled it fast

enough it would cscape the Earth's gravity and whiz off into space. The

speecl that you ncc,-l to reirch to do this, called the 'escirpc velocity', is

1 1 km/s (or about 25,000 n'rptr). A r,rcket neecls to attain this speed if it is

to esc:lpe the E:rrth. The csc:rpe velocity is lowcr if ytlr-r:rre stirnding on the

smaller Moon: 2.4 krn/s woulcl do. But if you were standing on :l lnore

rnassirre pl:rnet, then the escapc velocity rises. If th:rt planet w:rs heavy

cnough, the escape velocity c,rulcl reach or exceed the speed of light itsclf,

antl so r-lrt cven light could esca1.,e its gravitational pull. Such an object,

u'hicl-i is so rnassive :rnd dense that not even light can escale it, is callcd a

black h,rlc.

Event horizon The black hole idcir was dc'u'eloped in the l Sth century

hy geologist John Michcll trnd mathetnatician Pierre-Sitnon Laplace. Latcr,

aftcr Einstcin hrr,-l proposecl his rclitivity theories, Karl Schw:trzschilcl

uorkeci otrt what ir hlrrck hole wotrl.l lo,rk like. ln Einstein's tl-rcory of
gcne ral relativity, spacc irnd titr-ic are linke.l :rntl beh:rve togethcr like a vast

lr-rhber sl-rect. Cr:rvity rlist()rts thc sheet trccorcling to an object's milss.

A heavy planet rests in a dip in space-time , ancl its gr:rvittrtional ptrll is

Michell deduces the
possibility of dark stars

Existence of frozen
stars predicted



97

eqlrivalent to thc frrrcc fclt as you roll into the dip,
perhaps rv:rrping your path or evcn pulling y,-ru

into orhit

So rvhat tl-ren is:r black holc/ It woul.l be a

pit that is so tleep ancl steep th:rt anything that
comes clrse enough to it falls striright in trncl cannot return
It is:r holc in the shcet of spirce-tirne, like a basketball net
(froni u'hich you rvill never get your ball back).

If you p:rss f:'rr frorn a hl:rck hole, your path rnight curve
towarrls it, br-rt you nce.ln't f:rll in. But if you pass too ckrse to it,
then you will spiral ir-r. Thc s:rrnc f:rte woulcl even befirll a photon of light.
The critical ,,listance tl-rat borders these trvo ()utc()rllcs is cullccl thc'evcnt
horizor-r'. Anything tl-rat firlls lvithir-r tl're event I'rorizor-r, inclucling light,
ph-rrnrncts into the hlack holc.

Frrlling into ir black holc h:rs been clescribed as being 'spaghetti-fiecl'.

Bccausc thc sidcs urc s() steep, there is a \/ery str()ng grtrvity gr:rtlient ll'ithin
it. If ,voLr werc t() lrll int,, onc fcct first, ilnd let's hope you never clr, yoLrr

feet would he pullecl with urorc forcc th:ru yor-rr l-rca.l ancl so your bo.ly
would be stretched as if it was on :r rack. Acld to th:rt any spir-rning rnotion,
an.l yr.rrr rvotrlcl be pulled out like cherving guln int() a scrnrnble of spirghctti.
Not a nicc \vav to go. Sorne scier-rtists have thought ab.'rut ways of
pr()tecting any()ne unlucky enough to :rcciclentally stumblc ir-rto a bl:rck
hole. One \\'a)', irpfarently, is to don a leaclcn lifc-savcr ring. If tl'rc ring w:rs

hc:n'y ln.l .lcnsc' en,rugl'r, it would c()unteract the gr:rvity graclier-rt antl
prcservc your shal-,c, and lilc.

Frozen stars The nanre 'bltrck hole' wirs coincrl in 1967 by John
Wheeler as a catchier alternirtrve to describc :r frozcn st:rr. Frozcn stars wcrc
preclicted in the l9lOs by Einstein irn.l Schwarzschiltl's thcorics. Bec:,Lr-rse,rf

the u'eirrl behaviour of space and tirnc close to thc cvent horizon, glrwing
lnatter falling in u'ould seem to skrw down irs it docs so, dr-rc to the light

Wheeler renames frozen
stars as black holes

Ouasars discovered
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Evaporatton
Strange as it may sound, black holes

eventually evaporate. ln the 1970s, Stephen

Hawking suggested that they are not

completely black but radiate particles due to
quantum effects. Mass is gradually lost in

this way and so the black hole shrinks until

it disappears. The black hole's energy

continually creates pairs of particles and

their corresponding antiparticles. lf this

happens near the event horizon, then

sometimes one of the particles might

escape even if the other falls in. To an

outside eye the black hole seems to emit
particles, called Hawking radiation. This

radiated energy then causes the hole to

diminish. This idea is still based in theory,

and no one really knows what happens to a

black hole. The fact that they are relatively

common suggests that this process takes a

long time, so black holes hang around.

i
i

i

,i
rvaves t:rking longer and krnger to reach :rn ohserver looking on. As the

rnirteriill pilsses the event horizon, this outside observcr sees time actually
stop so that the natter appears to be frozen at the time it crosses the

horizon. Hence, the star seerls to freeze just:rt the point of collapsing into
the event horizon, as predictecl.

Astrophysicist Subrahrnanvan Chandrasekhar predicted that stars more

than 1.4 tirnes t1-re Sun's rnass u'ould r-rltimately collapse into a black hole;

irowever, clue to the laws of qu:rntutn trrhysics, we nr)w knorv tl-rat white
dwrrrfs irnd neutron stars will prop themselves up, so stars of mttre than
three tirnes tl-re Sun's lnass are needcd for black h.rles to ftrnn. Evidence of
these frozen stars or black holcs was not disco','ere.1 until thc 1960s.

lf black holes suck in 1ight, how can we see thern to know they arc therel
Thcre are tw() ways. First, yor-r can spot thern becirr-rse of the way they pull
othcr objects tor.vards them. And sccontl, trs gas falls into thern it can heat

up and glou' beforc it disirppears. The first method has been uscd ttt identify

(fhs black holec of, neture are tfte. most perfeet
ma,erosootrlie ohjeets there are in the univerce:

tho onfy elements fut their eonstructign are
our comcsilttE of sp,ace amd tims.!

$uhnahmanyan Chnndrff $Ekhar
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6eod not onlSr plass dino, hnt atco
somotimsn throwc them whore

thoy csurnot bo soon.!
$tephen Hawking

a black hole ltrrking in the centre of our own galaxy-. St:rrs thirt pass close to
it have been seen to whip past it and bc flung out on elongated orbits. The
Milky Way's black hole h:rs a mass of a million Suns, squirshed into ir rcgion
of r:rdius just 10 million kil,rmetres (10 light seconds) or s.r. Bl:rck holes

that lie in galaxies are called superm:rssive black holes. We clon't knorv hoi.v

thev formed, br-rt they seeln t() i'rffcct how galaxies grow s() might hirve been

there from day one, or perhaps grcr.v frour rnillions of stars collapsing intrr
one spot.

The second \\'iiv to sec a bl:rck hole is by the light cotrling from hot gas that
is firecl up as it falls in. Qr-r:rsirrs, the rnost luminous things in the universe,

shine clue to gas being sucked ir-rto supennirssive black holes in the centres

of .listar.rt galaxies. Srn:iller bl:rck l-roles, just a feu' so1:tt tttrtsses, cirn also 1,e

irler-rtifiecl l',y X-r:rys shining ironr gas firlling tori':trds thctn.

Worm holes What lies at thc bottom of a bl:rck hole in the spacc-titt.re

shectl Supprrsedly tl-re1, just cutl in:r sl'rirrp poit-rt, or tru11,:rrc l-rolcs,

punctlrres in rhe shee t. BLrt theorrsts hrrve askecl what might hirptr.rer-i if the,v

joined another h,rlc. Y..,u can itn:rgine that tu'o ncarhv black holes rriight
irppe:rr as krng tubes dangling from the space-tirne shcct. If thc tubes u'ere

joir-re.l touether, then vou could itnirgine ir \v()rtn l-urle hcins ft,rtned between

the rnor-rths of thc tuo bl:rck holes. An-necl with yor-rr 'life-saver', vou rnight
he ablc to jr.rrn1.r int() ()ne hlack h,rle :urrl pop out of another. Tl-ris itlca hus

becn r-rsetl ir lot in science fiction for trtrnsport across titnc :ru.l space .

lcrhaps the u,om l-r,.rlc c,rr-rl,-l flru' through to an entircll, .liffcrent ut-tiverse .

Thc possibilities for rer.r'iring the universe are encllerss, but tlon't torget r,oLrr

liic-sirver ring.

$,"$. m 
q* ,stpm .x e$ffi"il "h m*r$*la-,$. ,,inl-$ *u'**,'n
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Particle
astrophysics

Space is littered with particles, accelerated to immense
energies by cosmic magnetic fields in the same way that
Earth-bound physicists attempt with their modest man-made
machines. The detection of cosmic rays, neutrinos and other
exotic particles from space will help us explain what the
universe is made of.

Since the ilncient Clreeks, we have thousht that ntorns werc tl're b:rsic

l.trilding bl,,cks,rf the universr-. We'nou'knorv 1-etter. Atonrs can be

clissectccl antl ure m:r.ie up of lightwcight ncgative ly chargc.l electror-rs,

orlritino ar,rLrttd a l-ositir-cly chargecl nuclcus tnli-le rtf l.rotr,tts an.l nelrtr()ns.
Ever-r thesc |articlcs can he split apart, iurtl modern physics has levealc.l a

:,xr of tirn.lirmentirl p:rrticles. u'hich fil'rnerl in the Big Blrng into the
t rt-t i tte rsc.

Unpeeling atoms Elcctrons '"r'ere first liberatcd from atoms in the
lahorirtory in 1887 by J..,seph John Thontson, u,ho fired an elcctric crrrrent
tl-rrough a gas-fillecl glass tlrbe. Not krng afierrvrrrcls, in 1909, Ernest
RLrtherfirrtl .lisc,rvere.l thc nrrclcus - nanretl ,rfter the Lutin n'ortl lirr thc
kerne I of a nut. Firing a strealn of alpha particlcs (ir lirrrn of rndiltion
consisting of nvo Frotons:Ln.l two lleutr()ns) at a thin shcct of goltl ftril, l-rc

u'us suryrrisetl to firrcl thirt a small fraction hounced straight back at hinr,
having l-rit soncthing c()lnfitct nn.l hirr.{ irr tlre centre of the g..rltl irt..rnr.

Ry rsol:rting thc nuclci ..rf l-ry.tr.rgcn, Rtrrlrerfrrr.l rrlentifie.l pr()t()ns in 1918.

Brrt n-rirtching up thc charges antl r.veights of otl-rer elemcnts provecl har.lcr.

Democritus proposes
the idea of atoms

Thomsondiscovers Rutherfordperforms
the electron gold foil experiment
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{It was almost a,s incredible as if you fired
a l5-ineh shell at a piece of tissue_paper

and it ea,rne back to hit you.P
Srltmsf ffillth*s'furd

In the elrly 1910s, Jarncs (lhadrvick ftrtrntl tl'rc ntissing ingrctlicnt the
neutron, ir neutral f:rrticlc rvith abotrt thc saute l'nrtss ::ts thc prottrn. Thc
,n'uriolrs n'eights of clcutcnts, inclurling those rvith o.lcl u'e ights callc.l
i\(rl(rfL:.rottlrl Ilort ht'tx1.l;11111',1.Atltrht'tr-lI:tt,,lll. l,,ritrtt:rttc.',trrnl:tins
six protons ancl six ncutr()ns in t1-ie ur-rcleus (to givc it a uritss of l2:rtomic
units) antl six orbitrng clcctrons, u'hcrc:rs ctrrbon-14 is hcirvier becirtrsc it
has an cxtrir tw() ncutr()ns.

The nuclctrs is tirry. A l-rtrn.lrctl thousan.l titncs smirller than ln atom, it is

only a fcw ferntornetrcs ( 10 I ; nretres, ()r ()ne ten million billiorrtlt of :r

rnetre ) across. lf the ilt()tlr were scalecl up to the rlianctcr of the Earth, the

nucleus at tl.re centrc u'oultl he jLrst 10 kilotnetres wiclc, or the length of
Manhattan.

Standard model As rnore was lcarned frorn r:rtlioactivitv
:rbout hos' nuclci broke apart (via fission) or joinctl
together (r'ia fLrsior-r), other phcnotnena uee.lctl

explirnation. The buming of hytlrogen into hclitrtr rlr

tl're Sun, r,iir fusior-r, implic:rtccl unother farticlc, the 
i

ncLrtrin(), which transfr)rlns Prrrtolls into ncutr()ns. In '...

1910, the neutrino's cxistencc was iuferrerl to explait-t

the clecay of ir ne utron into a proton atrcl e lcctrot-t i
beta ratlioactir,'e ,-lecay. The rreLrtrino itself, h:rvrng

virtually no lnass, was not rlisc,rvcrc.l unti[ 195(t.

In thc 1960s, physicists realize.l thrlt pr()t()rrs and

neutrons were not thc snrallest buil.ling blocks: thcv
hoste.l cr.'en srnaller farticles within thcm, calletl cluarks.

Quarks come in thtees. They l-rin'e three 'colottrs', red, hhre

Electron

4*-" 
"

&."i

Rutherford isolates
the proton

Chadwick discovers
the neutron

The top quark
is found

Neutrino detected
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antl green, ancl also con-re in six 'flavtturs', as three pairs tlf
increasing mass. The lightest are the 'up' and'dorvn'quarks;
next come 'strirnge' and'charm'quarks; finally, the 'top' irnd

'bottom' quirrks :rre the l'reaviest pair. These unusttal nantcs

wcre chosen by physicists to express the propcrties of the

quarks, wl'rich are without prece.lent. Quarks citnn()t exist ftrr

long on their own, :rnd must alu'tr1,s be lockecl together in
combinations th:rt are colour neutrill overirll (exhibiting ntr

col.rur chirrge). Possibilities include threesomes calle,-l

baryons ('bary' meirns heilvy), ir-rcluding normal protons irnd

neLltl'ons, or c1-tark-irntiquark pirirs (calie.l rnesons). Three
qu:rrks are necclc.l to makc up il pr()t()n (tu'o ups :rnd a clown)
()r il nelltron (tr.vo dou'ns iurcl an trp).

Thc next basic class of palticles, the lcptor-rs, is rclirtecl to an.l

inch-rdes electrons. Again there are three generirtittns n'ith
incre:rsing lr.asses: electrons, rnuons antl titt-ts. Mr-tttns are 200
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m
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H
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tirnes hcnvier th:ln:rn electnrn:rn.l tatts 1,700 tirnes heavier. Leptons al1

hil'c a sir-rgle ncgative chargc. They slso htri.'e nn nssociatetl particle callc.l a

r-rcr.rtrir-ro (elcctron-, lnu()n- and tiltt-ucr.ttrir-ro) that htrs no chirrge.

Neulrinos h:rve nltnost 11o lnass an.l .ltt not i11tcr:tct rntrch rvith ar-rything.

Tlrev can trlvel right through thc Earth u'ithor.rt heing noticecl, s() ilre

.lifflcLrlt ro carch.

Funclamentirl tirrces arc rnecliate.l l.v the exch:ir-rge of particles. Jtrst :rs the

electrotlirgnetic u'nvc cnn also i.c thought of :ts it stre:ltl of phottlns, the

s,eak nucleirr firrcc c:rn he thought of as bcing carrietl by pirrticlcs calle.l

W:rrr.l Z bosons u,hile thc strong nr:clc:rr force is transurittccl vill gltttrns.

Cravitv i-sn't -vet inclr-rtlecl in this star-rdartl mttclci of particlc phvsics

.lesc ri hcil hcre, l ltl-r, rLrgh ph,vsic ists it re trlring.

Particle smashing Particle ph1'sics has bcen tiescribetl irs taking an

intricirte Siviss u'atch :lntl stnirsl'rir-rg it trp rvith :t hilttlmer, thcn looking at

the sl-urt.ls to ttlrk out ht,rv it opcrates. P:rrticle accelerltt..,rs rln Earth,.tse

giant ulrgnets ttr:rccelcnltc fitrticLe-s to extretnell high sl-,eecls ltttl tl-ren

snrash thtrse frlrticle l.eurns cither it-tto a target or into irnothcr ()ppositch'

dirccted hearn. At nlrclest s1.,eeds, the particles hrcak apart a little nncl thc

lighte st generiLtions of particle s irre t'elcitse.'1. Becattsc milss lrtc:Il1s energ-\,

you nce.1 a higher-energ)' plrticle l,.eatn to rclease thc heuvier Prrrticles.
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The particles pro.lucecl are idcntified fion-r photographs of their tracks.

As they pass thr()Lrgh il rnirgnetic fielcl, positive-chargecl larticles
swerve one u'ay antl negativc ones the other. Thc m:rss of the pirrticlc

:rlso dictatcs hou'fast it shtxrts throtrgh the cletector :rnel how much its

path is cr-rrvecl hy the magnetic field. So light particles birrely curve

ancl hcar.'ier farticles may cvell spiral into lo..rps. 81' rnapping their
ch:rracteristics in the .lctcct,.rr, ancl comparing thern with what they

expect from their theoties, physicists can tcll what e:rch particle is.

Cosmic rays ln space, particles :rre prtr.luced through sirnilirr

proccsses to those in accclerators on Earth. Wherel'er there are strong

magnetic fields such as in the miL1cl1e of trur galrrxy, itt rr supern.,r'a

explosion or in jets hlirstecl out fronj a black hole - pirrticles can reach

ilcreclible energies, sometirres travelling irt clrsc to the speecl of 1ight. Anti-
parricles might also be crc:rted, raising the possibility thirt their annihilation
coul.l be ol.scrve.l u'hen they cotne into c()ntact with nortnal matter.

Cosmic rays arc space-borne particLes tl-rat cr:rsh into our atlnosphere. As

they collide with :rir uolccules, thcy shatter :rnd procluce a cascacle of
further smallcr particles, sotne of which reach the ground. These pirrticlc

showers cirn be pickcd Lrp as flashes on tlctectttrs on the Ealth's strrfacc. Ry

measuring the cl-i:rracteristic energies of cttsmic rays, irn.l the directitxrs

frorn whicl-r they cotne, astronorners hope to untlerstand their origin.

Neutrinos are also sttught with irnticip:rtion bec:rttse they are tr candidirte to

make up the t'lark-rn:itter bu.lgct of the universe. Because they hardly

interact with :rnything, though, they are ditTicult to detcct. To tlt, so,

physrcists think big - thcy usc tl-re whole Earth as ir detect,rr. Neutrinos

passing right througl'r the Earth r,vill occirsionally be slowed d.rwn, ancl then

\rirst:trrays,rf cletectttrs n'ill bc waiting, including new ()nes u'ithin the ice o{

Antarctic:r :rncl in thc Mediterr:rnean se:t. C)ther r-rnclergror-rnd experiments

placed cleep in nines will ensnzrre difTerent types of pirrticles. Through such

im:rginative lneans, ilstrononers may learn in dec:rcles to c()me rvhat makes

r-rp our universe.

f,Nottring
exists excctrlt
atoms and
cmtrlty spaaG;
evclything
else ic
opinion.}
Ilnrnocritus
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The oGod

particle'
While walking in the Scottish Highlands in 1964r physicist
Peter Higgs thought of a way to give particles their mass. IIe
called this his 6one big ideat. Particles seem more massive
because they are slowed while swimming through a force fieldt
now known as the Higgs field. The property of mass is carried
by the Higgs boson, referred to as the 6God particlet by Nobel
laureate Leon Lederman.

Whv cl,,cs:u-rything havc ir utassl A truck is he:rvy hec,rusc it contititrs rt ltrt
trf ltorns, each ,rf rvhich rnight itsL'lf bc lelativcly heavy. Ste cl contitins iron
ltt,urs irncl t1-rey falI far clru'n the periodic tirblc. But wiry is an rttotn hertvy/

It is rnosrly ernptv spacc iifter all. \7hf is rl Pr()t()n he:ivict th,tn:tn elcctrot-t,

or a nerrtrit-to, or a photort/

Altl-rotrgh tl-rr.- firur ftrn,lat-nental ftrrces, r,r inter:tctions, rverc u'ell knou't't it-t

the 1960s, they:rlI rclic.l ..rn quite tlifTcrent nieiliating l.articlcs. Plrototrs

crrrly irrforrnltion in elc-ctr,,nilrgltetic intentcti,rns, glutlus link qtutrks bv the

str(mg nLrcle:rr f,rrce, and the s..r callccl W ilncl Z bosons carry weltk nuclear

ttrr-ccs. Ilut photous ltirvc n,t ntirss, r'l'here,rs thc W itntl Z l.,tsl.,trs trc verY

rlussive partrclcs, a hunclre.l titlcs lls tttilssivc as the proton. Why itre they str

rlittercntl This tliscreparlcy \\'as pirrtictrlurly acutc givctr that the theories of
clectronrirgnetic and wcirk f,rrces c,rul.l 1.e c,rtnhinecl, into irn electrou,eltk

forcc. Ilut this thcory gavc n() rclrs()n why tl'rc ',vcirk nuclcar tirrcc pirrticles,

the W anrl Z l.osons, sh,,ulil huve ir largr' m:rss. Thev sh.,uld be jLrst like the

rnass-less photon. Any furtl-rer cotnbinatiot-ts of firnclarnental f,rrccs, as

irttelllptcLl l.y thc glirn,-l uniiic.l theory, irlso ran into thc sarne pr,rblern. Forcc

carriers sl-xlrlcl not l-iirvc any lnass. Why weren't they all like the photonl

Newton's Principia sets out equations for mass

lltrei
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Slow motion Higgs's big idea was to think of
these force cirrriers :rs being skrwed hy passage

through a hackground force fieltl. Now callctl the

Higgs fielcl, it also r4rcrirtes by the transfer of bosons

called Higgs bosons. hntrgine tlropping a bead into :r

glass. It will takc longe r to firll to the bott()m if the
glass is fillcd with water tl'ran if it is cmpty and filled
rvith air. It is as if the he:rcl is more massive when in
watcr - it takes krnger for gr:rvity to pr-rll it thlrugh
thc lic1uit1. The same rnight apply to your legs if yor-r

walk through wirter - they fccl hcavy and your
rnotion is slowed. The bea.l may bc slowecl even
rnore if dropped into :r gl:rss of svrup, taking a while
to sink. Tl-rc Higgs fielcl acts in n sin-iilar u'ay, just like a viscous licluicl. Thc
Higgs lirrce slows d,rwr-r thc other frrrce-carrying p:rrticles, efTectivcly giving

them zr rn:rss. lt acts rrorc strongly on the \W :rncl Z bosons than on

lhot()r1s, rnaking thetn appc:rr heirvier.

This Higgs fielcl is quite similar to irn electron moving througl-r n cryst:rl

lattice of positively chrlrgetl nuclei, such:rs ir tnetal. Tl-re electron is slowerl

clowr.r ir little becatrse it is attracterl hy all the positive chrlrges, so it appertts

to be more rnassive thtrn in tl'rc abscnce of these ior-rs. This is the

electrornagnctic firrce in action, mecliated by photons. The Higgs fie ld

works sirnilarly, btrt Higgs hosons cnrry the fcrrce. Yor-r could als,r imagine

the electron is like:r filrl star walking int() ii cockt:ril pirrty full of Higgs's.

The star finds it hrrrd to trirverse thc room becal,se of all the social

interactions slowing thetn tLxvn.

If thc Higgs fiel.l givcs the other firrce-carrier bosons mass, whirt is the mass

of the Higgs bosonl Ancl hLrw does it gct its own rnass/ Isn't this a chickcn-
ancl-egg situationJ Unfortunately physics theories do not predict the m:rss

of the Higgs hoson itself, although ttrcy do preclict the nccessity for it
within the stanclarcl moclel of particlc physics. So physicists expect to sec it,
bLrt they tl,rn't know how l'rarcl this will be or when it will appear (it hirs n()t

been clctcctetl yet). Becausc of the ongoing se:rrch for l.rarticles with its

Simulated
particle tracks
from the decay
of a Higgs boson

Higgs has his insight into what gives particles mass The LHC switches on
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pr()pcrties, we kn()$' that its mass lnust be greirtcr th:rn tl're energies alreacly

reached experimentally. So it is vcry heavy, but '"r'e tnust u'i'Lit to find otrt

exactly hor.l'heavy'.

Smoking gun T1-re latest machinc th:rt will h:n'c :r gtxrcl look f..rr the

Higgs particle is thc Large Ha.lron Collitler (LHC) at CERN in Su'itzerland.

CERN, the Conseil Er.rrop6cn potrr la Recherche Nucl6airc (Er-rropean

Council frrr Ntrclear Research), is a huge particle physics 1:rboratory neirr

Geneva. It hotrses rings of tunnels, the largest ltricl in ir circle 27 krn long,

100 m bclow grountl. in thc LHC, giant magnets irccclerate prot(ms fonning

a bean that ctrrves rrr.run.l thc trnck. Thel' :rrc constanth'btxtsted as the-v so

rouncl, m::Lking thern rircc fastcr aud faster. Tu'o ttpposing bcan-rs r'vill he

cre:rtctlr ancl when thcy :rrc trtrvelling :rt tttitxitnutn speecl, they rvill bc fired
into one another so thirt the speetling protons smash int,r eircl-r other heird

on. The hrrge cnergies pnr,-lucc.l will alltxv il whole rirnge ,rf trt:tssive pilrticlcs

to [.,e release.l temporirrily ancl rccor.led bv .lctcctors, along with their clec:ly

pr()ducts if thev :rre very short-1iver'1.

It is the g,rirl of the LHC to finti :r hint of the Higgs pirrticle, buried :rmongst

hillions of ottrcr particle sign:rtures. Pl'rysicists know r'vl-rat thcy :rre looking
ftrr, but it rvill still he l'rar.l to hunt it clown. The Higgs tnay jtrst a1.rpear, if
t1-rc cncrgies are l'righ cnough, for ir fntctiot-t oia seconcl, beltrre disappcaring

into ir cascnde of otl-rcr particles. So, r:rther than seeing the Higgs itsclf, the
physicists will havc to hunt for a srnoking gr-rn ancl thcn piece everything
back together agnin to r'lec'luce its existence .

Itt

.t

Sgnlru'a-lq braaKig and d,e{ec-ls
During the first hundredth of a second

after the Big Bang, the universe passed

through 4 phases associated with the

creation of each of the fundamental
forces - electromagnetism, the weak and

strong nuclear forces and gravity. Like

water condensing from steam to liquid

to ice, the universe's structure became

more asymmetric as it cooled. Whilst

passing through each of these phase

changes, imperfections could have

arisen, just as ice crystals show flaws in

the packing of water molecules within
them.Theorists propose that these
'topological defects' in space-time might

include linear'cosmic strings', one-sided

magnetic 'monopoles' and twisted forms
called'textures'.
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(,me obvious thins to fu ulas to tr5r it out on thc
simpfest gauge theory of all, electrod5rna,mics - t4l
hrGA,k itstydmntxy tb see what reail5r lranpens.!

Peten Higgs

Symmetry breaking When rnight :r Higgs boson appearl Antl hon'dtr
we get from here to photons and othcr bttsttnsl Because the Higgs boson

must be very heavy, it can only apfcar at extreme energies and, ttwing ttr
quantum mechanics ru1es, only then ftrr :r very short time indeecl. Theorics

suppose that in the very early universc, all the firrces were r,rnite.1 together

in one superftrrce. As thc universe ctxtlecl, the ftrur fundament:rl forces

droppe.l out, through :l process cillLcrl symrnetr-v breaking.

Although sylnmetry hreaking sounds quite a difficult tl-ring to imirgine, in
fact it is quite sirnple. It m:rrks tl-re poir-rt where sytlmetry is rcmovecl frorn :r

system by ()ne occurrence. An exarnple is tr rountl dinner table set witir
napkins iln.-l cutlery. It is sytntnetric in that it docsn't matter rvhere you sit;

the table looks the samc. But if one pcrson picks up their napkin the

s)lnlretry is lost - y()Lr cirn tell whcre you are relative lo that position. Str

symmctry breaking htrs occurrcd. Just this ()nc event can h:rve knock-on

effects it rnay mean thirt cveryone else picks up the n:rpkin to thcir left, ttr

n.ratch the first er,'ent. If the first person h:rd tirken the napkin from the

other side, then the oppositc rn:ry hirppcn. But the pirttern that ftrllows is set

up by the randorn el'ent th:rt triggered it. Similarly, as the universc cooled,

events cirused the forces to tlccouple, one by ttne .

E.,'en if scientists do not detect the Higgs boson u'ith the LHC, it u'ill bc an

interesting result. Frot'n neutrinos to the top qr-rark, therc are l4 orclcrs of
rnagnitutle of rnass th:rt tl-re st:rnclard rnoclcl needs to expl:rin. This is hirrd ttr

,,io even with tl're Higgs boson, rvhich is the rnissing ingredient. If u'e clo

find this God particle, all rviil be well, but if it is not thcre then thc

stand:rrd model will nee.l to be fixed. And that will require nerv physics. We

think we knor.v al1 the particlcs in the univcrse the Higgs boson is the one

reniaining rnissing link.

&$xm ffiffixk#-ffiRkffiffiffiK $w$"mm
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String theory
Even before the standard model has been tested to
destruction, or affirmation, some scientists are looking for an
alternative view of the stuff of the universe. A group of
physicists is trying to explain the patterns of fundamental
particles by treating them not as hard spheres but as waves on
a string. This idea is known as string theory.

String thcorists ilre 1l()t satisfieil tl-rat fundatr-rcr-rtal particlcs, sttch irs cluarks,

clcctrons and phottxrs, are indivisiblc lLrrnps of mattcr or energy. Tl-rc

pirttcrns tl-rat givc theur :r particr-tlar mass, charge or :tssociirtec] energy sr.lggest

another level of orgtrnizirtion. Tl-rcse scientists conce ive that sLtch Ptrtterns
indicate deep hirrmonies. Each ln:lss ()r energy quirntLtln is a hiirmonic tone

of the vibrati,rn of a tiny string. So particles can be thought of not as solid

blobs but as vibr:rting strips or kxrps of string. In a way, this is a ucw t:rke on

Kepler's lovc of ideal geomctric solids. lt is as if the particles f()rm a pattern
()f notcs that suggest a hirrtnctnic scirle, playctl on:t single strtng.

Vibrations Tl're strings in string theory are not as we knorv then'r on, srly'

ir guit:rr. A gr-ritirr string r''ihrntes in three dimensions of spircc, ttr perhirps wc

cor-rlcl approximate this to two if we irnaginc it is restricted to:r pl:rne along

its lcngth ancl r"rp irnd down. But sub:rtomic strings vibrate in just one

dimension, rather than the zero dimenskrns of p,oint-like particles. The ir
entire extcnt is not visible to us, but to do the m:'rthematics, the scientists

calculate the strings'vibrations over lr()re dimensions, Llp to 10 or 1l of
then-r. Our orvn world hirs three ditnensions of space irnd one more of tine.
Ilut string theorists think th:rt there rnay be m:rny tnore that u'c don't see,

dimensions thirt are all curled up so we ilnn't notice them. ]t is in these

other worlds that tl're particlc strings vibrirte.

Kaluza-Klein theory proposed
for unifying electromagnetism
and gravity

'l970Yoichiro Nambu describes
the strong nuclear force using
quantum mechanical strings
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CHaving those etdra dimensions and
therefore ma,rry ways the string ean vibrate
in ma,ny different directisns turns out to be

the key to being able to deseribe all the
partieles tha,t we see.$

ffdvvarll Witt#{r

Thc strir-rgs mav be ()pen-ended ..rr clrscrl krops, hut thcy :rre otl-reru'ise all

the sirrne. So the variety in fundamcntal particlcs arises ttnly fron-i thc
patte rn of vihration of the strir-rg, its hllrtnonics, not frotn the rnatcriirl of
the string itself.

Offbeat idea String thcory is an entircly mirthematic:rl idea. No onc has

ever secrl a string, an.l uo one has any idca how to knttw if one werc there

for surc. So therc irrc tto experiurents that al)y()ne hlls yet tlevised th:rt cotrld

test whether tl-re thcory is tnre or not. It is said that there:rre as ntirny strlng

theories :rs there ilrc string theorists. T1-ris puts the thettry in irn :lwkwarcl

position Lun()ng scientists.

The phiLrs..rphcr Karl Popper th.,ught that science proceeds m:rin1y by

falsificatior-r. Yr.lu corne qr rvith an ideir, test it rvith an experiment and if it
is false thcn tl-r:rt rules sotnetl'ring out, so you leartr sttmcthing new antl

science progresses. If the observation fits the model then you have not
learned anything new. String theory is not fully clevelopcd, so it cloes not
yet have any definite falsifiable hypotheses. Because therc :rre so rrlirny

variirtions of the theory, sotne scientists argue that it is not reirl sciencc.

Debatcs about whether it is r-rseful or not fill the lctters pages of journtrls

and even newspapers, but string theorists feel that their qucst is worthwhilc.

Theory of everything By trying to expl:rin the u'hole zoo of pirrticles

nnd interirctions within il single frarneurrrk, string theory attelnpts to c(xne

close to a'thcory of everything', a sir-rgle thcory that trnifics all four
funclamer-rtal forces (electr()nilgnetisttt, grrrvity ,rnd the strong ancl weak

A quantum gravity
theory is obtained

Rapid expansion of string
theory explains all particles

Witten and others develop
M-theory in 11 dimensions
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nuclear forces) and explains particle masses and their properties. It woul.l
be a deep theory that r-rnderlies everything. In the 1940s, Einstein tried to
unify quantun-r theory and gravity, but he didn't succeed and r-ror has

anyolls since. He rvas derided for his efforts, as unifying the two was

tl-urught impossible and ir waste of time. String theory brings gravity into
the equation, :rnd its p()tential pou'er clralvs people to pllrslle it. Horvever, it
is :r krng way from being precisely fonnulated, lct alone verifiecl.

String theory arose as a novelty, owing to the beauty of its m:rthernatics. In
the 1920s Theodor Kirluza used harmonics as a diff'erent way to describe
sorne unusual properties of particles. Physicists realized that this same

nathem:rtics coulcl describe some quantum phenornena too. Essentially, the
rvavelike nirthernatics rvorks well fcrr both qlrantum mechanics and its
cxtcnsion into particle physics. This u'as then cleveloped into early string
theories. There are rnany variants, an.1 it rernains sr)rric way off frtrm rrn ai1-

encornpassir-rg theory.

t\--lhaorg
Strings are essentially lines. But in

multidimensional space they are a limiting
case of geometries that might include

sheets and other many-dimensional
shapes.This generalized theory is called

M-theory.There is no single word that the
'M' stands for, but it could be membrane, or
mystery. A particle moving through space

scrawls out a line; if the point-like pafticle is
dipped in ink, it traces out a linear path,

which we call its world line. A string, say a

loop, would trace out a cylinder. So we say

it has a world sheet. Where these sheets

intersect, and where the strings break and

recombine, interactions occur. So M-theory
is really a study of the shapes of all these

sheets in 11-dimensional space.

L
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(I don't tikc thet they're not oalcuk
anything. I don't lihe t'het they don't
tfisir idbas. I don't like that for a,nyl

ftichand feynman

A theory of everything is :r gotrl of sotne physicists, whtt are generally

recluctionists irn.l think that if 1'ou unclcrst:rnd the builcling blocks thcn )'ou
can un.lerst:rn.l the .'vh..rlc wor1t1. lf you understancl an atom, built from
vibrating strings, then you can infer:ll1 of chernistry, biology irnd so on.

Other scientists fin.l this u'hole attitude ridiculous. How can tr knou'leclgc

of atoms tell yotr:rbor-rt socirrl theory or evolutictn or taxes/ Not everythillg
c:rn be scale.l up so sirnply. They think that such a thcory describes the

world as il pointless noise of subatomic intcractions irnd is nihilistic :rr-rtl

\vrong. The rcductionist viewpoint ignores eviclent tnacroscopic bch:rviour,

such as the patterns of hurricitnes or chi'Los,:rird is clescnbed by physicist

Steven Wcinberg as 'chillit-rg ancl irnpcrson:rl. It has to be acceptecl as it is,

not becar.rse we likc it, br-rt because thirt is the u'ay the worlcl rvorks'.

String theory, or rather theorics, is still in:r state of flux. Ntl final theory h:rs

yet emerged, anrl this may take sotne time, as physics hirs become str

complicirted that there is a lot to include in it. Seeing the universe as tl-rc

ringing of many harmonies hirs charm, but its aclherents also sttmetimes

verge on the clry side , heing so engrossed in thc fine detail th:rt they
din"rinish the signifrcar-rce of larger-scale patterns. Thus string theorists tniry

stily on the sidelines Ltntil il strt)nger visitln emerges. But given thc uature of
science, it is good that they are Lroking, and not in the usuirl places.

*hm #ffin*"mffiffiffiffim A#"wmm
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AnthTopic
prrncrpre

The anthropic principle states that the universe is as it is
because if it were different we would not be here to observe it.
It is one explanation for why every parameter in physics takes
the value that it doeso from the size of the nuclear forces to
dark energ-y and the mass of the electron. If any one of those
varied even slightly, then the universe would be uninhabitable.

If the stnrng nuclc:rr firrce rvas a littlc different, thcn protons ancl ncutrttns
would not stick together to uakc ntrclei ancl atoms coultl nttt ftrrm.

Chernistry rv,rulcl not exist. Carbon rvor-rld not exist, :rnd so biology ar-r.l

hurn:rns worrlcl not cxist. lf we did not cxist, who wor-r1cl 'obselu'e' the

unir,'erse iln.l prcvent it fron-r heing only a quantum sotrp of probabilityl

Eclu:rlly, even if atoms cxistetl and the univcrse hacl evolr'.^d tt, rnirke all thc
structures r've know torliry, then if clark encrgy were a littlc stronger, gitlaxi.-s

anrl stnrs would alre:rdy bc being pulled ap,:rrt. So, tiny changes in tl're vnlucs

of thc p1-rysical constants, in the sizes of frrrces or ntasses ttf particles, can

hirve c:rtirstrophic imllications. Put anothcr w:ry, the univcrse :rppears to bc

finc-tunecl. The forces irre all 'jr-rst right' for hurnanity to have er'..rlvecl norv.

Is it a chancc happening thirt we are living in :i universe that is 14 billion
years old, where ,-lark energy :rnd gravity billance e:rch other otrt and the

subatomic particles take the fonns they do?

Just so Rather than fcel that hurlirnity is particularly spcci:rl :ind the

entire universe was pLlt in pl:rce just fcrr us, pcrhaps a rather arr()gant

:rssurnption, the ar-rthropic principle expi:rins that it is no surprise. If anv,tf

Alfred Wallace discusses
man's place in the universe
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eln ordsr to malre :ur apple pie ftom scretcb,
you must fir$t creata thb universc.'

Carl Sagan

thc forces wcre slightly diffcrcnt, thcn u'c simply u'ould not bc hcrc to
witness it. ln the silrne way that there are rnilny planets but trs far irs we

know only one that has the right conclitions for life, the universe could
hai'e heen rnade in rnany ways but it is only rn this one that r.l'e rvould come
to exist. Equally, if the cornbustror-r engine had not been inventecl lvl-ren it
was :rnd rny fhther hacl not been irble to travel north to rneet my mother,
then I rvould not l.re here. That cloes not rneirn that the entire uni!'erse
evolvecl thus just so that I coulcl exist. But the fact thirt I exist ultirnately
recluires, :lln()ngst other things, thnt thc cnginc w:rs invcntcd beforehancl,
ancl so narnxvs the range of universes th:rt I might he found ir-r.

The antl-rnrpic principle was usecl as iin argument in physics irncl cosrnology
by Robert Dicke ancl Brandon Cirrter, although its theory is farniliar tcr

philosophers. C)ne frrrrnulation, the weak :rnthropic principle, states that we

woulcl not he l-rere if the pararneters were diff'erent, so the firct that u'e exist
restricts thc propcrtics of inhahit:rblc physical univcrscs that u'c could fin.l
ourseh.'es in. Arrother stronger version ernph:rsizes the import:rnce of our
own existence, such th:rt life is a necessary outcome for the universe corning
into beir-rg. For example, observers :rre neetletl to make ir quanturn univelse
concrete by observing it. John Barrorv and Fr:rnk Tipler suggeste,:l yet
anothcr vcrsion, whcreby infrrrrnirtion proccssing is a funrl:rmentirl purpose

ofthe universe nncl so its existence lnust produce creatures able to process

informirtion.

Many worlds Tir produce hurn:rns, you need the universe to be old, so

thirt therc's cnough time for c:rrhon to bc m:rdc in carlicr generations of
stars,:rnr'l the strong ancl weak nucle:rr forccs must be 'just st'r'to allorv
nuclcar physics anrl chemistry. Gravity ancl d:rrk cncrgy must :rlso bc in
balancc to makc stars rirther than rip irpirrt the uni.,'crse . Further, stars neeil

Robert Dicke writes that the universe
is constrained by biological factors

Brandon Carter discusses
the anthropic principle
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An-lhroptc bubb(as
We can avoid the

anthropic dilemma if
many parallel, or bubble,

universes accompanY the

one we live in. Each

bubble universe can take

on slightly different
parameters of PhYsics.

These govern how each

universe evolves and

whether a given one

provides a nice niche in

which life can form, As far

as we know, life is fussY

and so will choose onlY a

few universes. But since

there are so many bubble universes, this is a

possibility and so our existence is not so improbable.

lto ffattor

weak gravity
- no planets

,il
rafl

Itilt

to be long-lived to ler planets form, and large enough so that we can find

ourselves 6n a nice suburban temper.lte planet that has w:ltef, nitrggen,

oxygen ancl all the other molecules needed to seed life'

Because physicists can imagine universes where these qr-rantities irre

different, sctme have suggested that thgse universes can be created just as

readily as one like our own. They may exist as parallel universes, or rnulti'

verses, such that we ctnly exist in one realization. The ideir of partrllel

universes fits in with the anthr,lpic principle in :rllo'"r'ing other universes to

exist ,"vhere we cannot. These may exist in rnultiple dimensions and are

split off wher-r any event occurs.

On the other hand The anthropic principle has its critics. Sorne think

ir is a rruism - it is like this because it is like this - irnd is not telling us much

that's new. Others are r1nhappy that we hzrve just this one speciirl universe tcr

test, and prefer to seirrch the mathematics for wirys of auttlmatically tlning
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6ms ohc6rrr6d vahlnn oG all phy,si*a-l
amd oonmntogica,f qrantitioe amo not
equa.lfy probable but they talre on

valuac rentrictod hv the rmluiromemt tlr,aluao rocftriotod hy t-ho
ther@ exic& si,t6n whomo

thet
HSe

oan evolve amd . . . tha$ t'he Univ.erno he
oM enough fur it to ha,vo almoatr fumc so,!

John Bannouv and Fnank lipler

our universe to fall out of thc equations simply because of the physics. The
multiverse idea comes ckrsc to this by allowing an infinite nurnber of
alternatives. Yet other theorists, including string theorists and proponents of
M-theory, are trying to go beyond the Big Bang to fine-tune the parameters.
They look at the quantum sea that preceded the Big Bang as a sort ofenergy
landscape anci ask rvhere a universe is nost likely to end up if you let it roll
and unfold. For instance, if you roll a ball clown a ridged hill, then the ball is

more likely to end up in some places than others, such as in valley floors. Scr

in trying to nrinimize its energy, the universe may well seek out certain
combinations of parilneters quite n:rturally, irrespective of whether \\'e are a

product of it biliions ofyears larer.

Proponents of the trnthropic principle, and others who pursue more
rnathematic:rl means of ending up with the universe we know, disagree
about how we got to be where we are and whether that is even an
interesting question to ask. Once we get beyond the Big Bang and the
observable universe, into the reahns of parallel universes and pre-existing
energy fields, we are really on philosophical ground. But whatever rriggered
the universe to irppear in its current garb, we are luck1, that it has turncd
out this ll'ay billions of ye:lrs hence. It is understandable that it takes time
to cook up the chen-ristry needed for life. But why we shoulcl be living here
at a particular time in the universe's history, rvhen dark energy is relatively
benign ancl balancing out gravity, is more than lucky.

ths ffi$xrd"ffimsffid" $"den
il
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Hubble gala;(y
sequence

Galaxies come in two types - elliptical and spiral.
Astronomers have long suspected that similarities and
differences between themo such as their common central
bulges and the presence or absence of a flattened disc of
stars, indicate an evolving trend. Evidence that galaxy
collisions might be responsible for this 6Hubble sequencet,
stems from the deepest images taken of the sky.

C)ncc it becarne acceptecl in the 1920s that solne of the fuzzy ncbulae that
spirttcr the heavens were g:rlilxies beyoncl ollr own, astronomcrs sought tcr

categorize thern. Clirl:rxies fall into two basic types - s()[re :rre smooth and
ellipsoiclal in shape; others h:rvc clear spiral patterns superimposcd on them.
These classcs are kn,rwr-r :rs elliptic:rl and spiral galaxies, respectivcly.

Eclrvin Hubble, thc Arnericitn astronorner who rvirs the first to establish that
the nebul:re liry outsicle the Milky Way :rt v:rst .listances, proposed thirt
galaxies formec'l a sequence and n:rmed thcm :rccordingly. His classifications
are still in usc toclay. Elliptical galtrxies arc described by the letter E

followed by a numbcr (fror-n 0 to 7) that incrcases irccording to how
eltxrgated the galaxy is. An E0 galaxy is roughly round; an E7-type girlaxy is

more cignr-shaped. In three dirnensions, ellipticals are shape.l likc an
Atnerican football (or rugby ball).

Spir:rl galaxics, in Hubble's scheme, arc :rccorded the letter S antl an cxtra
letter (rr, b or c) clepencling on thc dcgree to which their spir:rl :lrrrs irre

tightly wountl. An Sa galirxy is a tight spiral; one classecl as Sc ftrnns a ltxrse

Great Debate asks whether
nebulae lie beyond MilkyWay

Hubble's tuning fork diagram
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spiral. In threc tlimensions, spiral girlaxies are llattened like a (solicl) frisbee

disc or lcr-rs. A comfliglllon is tl'rat sorne spiral galaxies have a lineirr
featurc, or'bar', across the inner regions. These gtrlaxies are ctrlled [-,arrec]

spirals, nnd firllorv tl're sirrne narnir.rg pattem, thor-rgh labelled SB rather than
S. (lalaxies fitrir-rg neitl'rer scherle inclucle those of irregultrr shirpe, cirlled
irrcgulrrrs, irn.l :rlso galaxics that lie sornewhere between ellipticals and

spir115, 11'1116[ nre cl:rsse.l rrs S0.

Hubble's tuning fork
If you [o,rk rnore closely, there are siniiltrritics bctwccn thc strr-rcturcs of thc
tlvo classes. Spirals trrc firrrnecl of two compt)ncnts, likc a fricd cgg: :l ccntrirl
bulge (the yolk), which looks zr lot likc an clliptical g:rlaxy, and ti'rc fl:rt clisc

(the rvhite) that skirts it. The size of the hulge relntive to the disc is

:lnother uc:rns of catcgorizing galaxies. Hubble even imagined that girlaxies

frrrmed ir sequcncc, frorn oncs dornin:rtcd hy the bu1ge, including ellipticals,
to those thtrt :rre irlmost entircly .liscs. Thc firrn-rer :lre s()lretlmes ref'erred to
as'earl-v' types; and the Litter'lirte'-typc galaxics. Hubblc tl'rolrght tl'r:rt tl'rcse

sirnil:rrities rne:lnt that gal:rxics coulcl cvolvc from one type t() another.

barred spirals

-1 SBa
t-tl/,\_

SBb

{d}<\,\,y':

Vera Rubin finds dark matter in spiral galaxies Hubble Deep Field observed
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Huhble arr:rnged his categories ttf galaxy tln a tuning'ftrrk-shaped diagr:rm'

Frorn lcft to right along the handle of the fork he drew a sequence of

elliptical galaxics, fron-r r6unded t9 elongated. Thckecl 6n to the rrght, irlong

the uppcr prong, was a sequence of spirirls running from tight-r'vouncl spirals

witl.r large bulgcs :rnd smirll discs through to discs with ltlose spir:rls ancl

l-rardly trny bulge. Rarrecl spirals ran along a parallel prong beneath. In this

firrnous diagr:rm - called thc Hubhlc Tirr-ring Fork (se page 1 17 ) - Htrbble

expressed the powerful idea that ellipticals coulcl grow discs and one clay

bccome spirals. Hgwever, he hacl no evidence that such transftrrmations

happened. Many resetrrchers since har,e spent their entire careers trying ttl

figure out how ga1:rxies n-iight er',.r1r'e from one typc [o another.

Mergers One wiry in whicl-r gal:rxies can change their char:rcter radically is

through c,rllisions. Whilst mapping the sky through telescopes, astronolners

have found many close pairs ttf galaxies that irre clearly interacting. In the

n-iost dramaric cascs, krng tadpole-like tails ,:tf stars are .lragged ttut of both

galaxies by their murual graviry, such as in the pair of colliding gal:rxies calletl

thc 'Antennae' galaxies. Other g:r1:rxies htrve ploughed straight through the

rnicLlle of a conpanion, prurching out clouds of stlrs irnd sheclcling snioke

rings of g:rs. The cnsuing disttrrbance often makes the gal:rxies shine extr:r

hrightly, irs new stars arc forrned in turbulent gas clouds. These young hlue

stars lnily be cnshroudccl in cosmic s()()t, lnaking regions glow recl, in the silrnc

u,ay th:rt cltrst enhances a sunset. Merging giil:rxies c:rn be spcctacr-rlar.

Yet the .let:ri1s of how g:rlaxies irre built remain unccrtain. It wor'rld t:rke a

cirtastr()phic collision to clestroy a large disc of stars irnd leave :i nakcd

elliptical bulge; or a series of gentle accumulations to let a girlaxy gently

grow il sizeable disc without disruption. Astronomers sec few galaxies in

stirtes in betll'een, so the true picture of holl'g:rlaxies change through

lnergcrs is likcly to bc cornplicirted.

Galactic ingredients Galaxies contain frotn millions to trillions of

stars. Elliprical gal2xies, ani'l thc bulges of spirals, c6ntain rnostly olcl retl

stirrs. Tfiese rrtryel on r:rndomly inclinec] grbits generating their pr.rfTe.1-up

ellipsoidal shape. The discs of spir:ll galaxics, in contrast, display niainly
yeung hluc stars. These concentrate in thc s1-rira1 :rrms, lyhich trigger st:ir

fttrmarion as rhcy sweep rhrough gas cloucls in the disc. The discs of spirals

conrain :r 1or of gas, especiallv hydrogen. In contr:rst, elliptical galaxies host

little gas :rntl so fcwer new stars nrc filnned in them.
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the la,s.t din horizon, we search €unong
ilv emors of ohsenra,tions for la,ndrnarks

fdwin Hubhle

It rvas in gal:rctic tliscs too th:rt tiark rnatter wirs clisc,rvere.l (see p.72). Tire

outskirts of spi1215 rotate t()o cluickly to bc cxplained only by their tnitss itt
stars irncl gas, implving th:lt some other ftrnn ()f lnatter is pre scnt. Tl-rat extrl
material isrr't visihle - it docsn't etnit or absorb light - an.l is calle.l dark

matter. It might be in thc forn-r of exotic p:rrticles that arc difflcult to clctcct

because they rarely interact, or colnp:lct weighqt ttbjccts such as black

holes, faile,-l stirrs or gas planets. L):rrk matter firrms a spherical coc()()l-I

around a galaxy, rvhich is referrccl to :rs its 'halo'.

Hubble deep field The s:rme basic types of galaxies exist right across

the r.rniverse. Thc .leepest irnage of the sky yet t:rken is in the Hr-rbble Deep

Fielci. To sec u'hat an irveragc swath of tl-re distant universc looks like, in
1995 the Hubble Space Tclescope observctl a small patch of the sky

(2.5 arcminutes across) over a periocl of 10 days. The orbiting obsetvatory's

sharp cycsight me?rnt that :rstronomcrs could see much deeper th:rn was

possiblc lvith grouncl-b:rsed telescopes, :rnd a vista of disttrnt girlaxics was

opene.l up. Because light takes time to re:rch us across the expanse of space,

these gal:rxies are seen as they were lnally hillions of years agtt.

Because the fieltl w:rs chosen deliberately to be clear of ftrreground stars,

nearly all of thc 1,000 objects in the frirn're:rrc f:rr-off galaxics. The majoritl'
are identifiable as ellipticills irnd spirals, indictrting that both types wcre

furmed long ago. But morc irregulars and srnal1 biue gal:rxies appear in the

dist:rnt univcrse thiin nearby. Also, stars wcre being ftrrmc.l at ten times the

rate 8 1 O billi..rn years rlgo th:rt they are today. Both these factors suggest

thirt more frcquent c,rllisions are responsible ftrr the rapid growth of gal:rxics

rn the yor-rng universc.

crhostlv ernors of ohsenra,tions for la,ndrnarks
tE;a ar6 scarcely more substantial. TIne search
udll continue. ifre urge is older than history. 

-It is not satisfied and it will not be oppressed.t

tlxm ffi#xld.ffixxffiffim tffiwm,
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Gala;(y clusters
Galaxies group together to form clusters, which are the
biggest objects in the universe that are bound by gravity.
massive accumulations of thousands of galaxies, clusters
collect reservoirs of super-hot gas and dark matter, which
spread out in between the cluster members.

In the 1Sth ccntLlryJ astronolners re:rlizcd th:rt thc nel.ulae were not evenly
spread. Just like thc stars, thcy often hu,-lclletl in grotrps and clusters. French
rrstr()n()mer Chirrles Messier was ()ne of the first to sllrvey irn.l list thc
brightcst nel,ulae inclutling wh:rt wc now know to be girl:rxics, :rs wcll ls
diffusc an.l planetary nebul:re, star clusters and gkrbular chrsters. The first
'n'crsior-r of his catalogue, publishecl in 1774 in rl're journirl of the Fre r-rch

Aca.le uy of Sciences, incluclerl just 45 of the rnost spectacul:rr snruclgcs; ir

later vcrsion in 1781 listecl over ir huntlrccl. Astnrnorners still narne
Messier's objccts with the letter M prefix :rntl a catalogue nunber - the
Anclnrtne.la gal:rxy, f()r instirnce, is also known as Ml1. Mcssier's catilkrgue
includes sorne of the most cLrsely stualied objects of thcir class.

A rnuch larger c:rtalogue of deep sky objects - the Ncw Gcneral Catalogue

- was compilcd and published in tl're 1880s. ln it Johann t)reyer listecl
:rlmost 8,000 objects, of which nearly a third were from obscrvations hy
William Herschel. l)ifferent object types were tlistinguished in varior-rs

cltrsse's, from bright nehulae to krose star clustcrs. After the advent of
ph()tography rnadc it possible to fintl lnitny lnorc ()bjccts, the catal,rgr-re w:rs

expanded in 1905 with the a.idition of two Index Oatalogues comprising
rnore th:rn 5,000 objects. These ilstr()n()micirl ohjccts are still narned NCIC
or IC tlcpen.ling on which c:rtalogue thcy u'clc listed in. The Antlrornetl:r
galaxy, frrr cxatnple , is also referred to as NCIC 224.

As
also
I are

Messier notes Virgo cluster Hubble measures distance
to Andromeda galaxy
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(Umo are w,e? Wo frnd that we live on alr

Ssfl $nsan

The Local Group In the 1920s, asrronolncrs founcl that mtrny ncbulae
wcre galaxies rcrn()tc fnll our own. Using the cosmic disttrnce la.1clcr

techniqr-res, including Cepl-reicl variable sr:rrs and reclshifis, tirey could
estinate thcir.listances: the Anclrorneda gtrlaxy, f,rr instrrncc, is 2,500,000
light years awiry. It soon hecame clcar that Antlromcda ancl the Milky Wav
are thc two largest niernbers of a group of about j0 gtil:rxics, knou'r-r as the
Local Croup.

Anllromecl:r :rnd tl'rc Milky Wtry arc
quite similtrr ir-r size ancl character. The
Anclnrrnecla g:rlaxy is also a largc spiral,
although we vicw it on its sicle, inclined
by about 45 degrees. The otl'rer gal:rxics

in the grou| ilre rnuch srnaller. Our two
nearest ncighbor-rrs, sornc I60,000 Iight
years Llw:llr, :rrc the Largc ancl Small
Mage ll:uric Cllouds, which r4,pear irs

thtrrnb-sizcd srnuclges in the southern
sky a.ljacent to the Milky \firy band.
They are narnetl frrr expkrrer Ferdinancl
Mirgcllan, u'ho brought back reports
of them :rfter l're circumnuvigated
the globc in the l6th ccntury. The
Magellanic Clouds are irrcgular dwarf
gulaxics ubout ir tenth thc size of the
Milky Way.

X-rays detected from
Virgo cluster
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Virgo cluster The Local Group is one of man1, collections of galaxies.

Tl.rc much richer Virgo cluster conttrins thousands of g:rlaxies, of rvhich 16

lr,erc hrigl-rt enough ttr be noted irs groupetl together in Mcssicr's cirtalogtte

of 1781. Virg,r is the nearest lzl'ge galaxy cluster to Lrs, son)c 60 rnillion light
yeirrs away. Other examples of vast clusters include the Coma clu-.ter and

the Forn:rx cluster, cach narned for the constell:rtirxr in which it sits. ln trrct,

the Virgo clustcr and the Loc,tl Croup. are pilrt of au cr''en larger

c()lrccntr2lti()n crllc.l the Ltrc:rl Supercltrstcr.

(lalaxv clrsters arc heLd together by gravity. Just iis strrrs tirllow orbits witi'rin
grrlaxies, s() galaxies trace ()ut patl-is around thc cluster's ceutre of tnass. A
t1'pical largc gllarl.chrstel h:rs a total rn:iss 1015 (a rnillion billion) times

that of the Sun. MoreL)ver, by packirrg so rnuch matter into a small space ,

sp;rcetilnc itse lf distorts. Using a rubber sheet anirlogy, thc lvcight of thc
gallrxies presses tltrwn so tl-rat they irll sit in a.leprcssi,rn. BLrt it is not lust
gllrrxies that fall in gtrs als,, itccutnulates in the :f3cu11me pit.

Intra-cluster medium Galaxy clusters are fuil of hot g:rs. Because it is

so hot - millions of degree s Celsir-rs - this pooI of gas glo',i's brightly enough

ttr give off X-rays, whicl'r can be.letectcd rvith satellites. The hot ga-s is

ret'erret] to as the intra-cluster metlium. In a sirnilar u'av, d:rrk matter i'tls()

gathers in the gravitirtional well of clusters. Because ilstronc)mers hope ttr

see the clilrk nratter in a nc'ul'cnvirr)nulcnt trutside in.livi.lual gal:rxies, tl'rey

I

cH[RtES Mt$$rER (1 730-r 81 7)
Messier was born into a large

family in the Lorraine region of
France. He became interested in

astronomy after a spectacular six-

tailed comet appeared in the sky

in 1744, followed by a solar
eclipse that he would have

witnessed in his home town in
1748. ln 1751 he joined the navy

as an astronomer, documenting
carefully observations such as

the transit of Mercury across the

Sun's face in 1753, He was widely
recognized by European scientific
institutions, and in 1770 was

elected to the French Academy of
Sciences. Messier created a

famous catalogue, in part to help

comet-hunters of the day. He

discovered 13 comets and has a

crater on the moon and an

asteroid named after him.
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(ma imrye is more than an idsa.
It ic a vortox or clustnr of frrsd

idnas and is enfuwcd urith enerry,t
[zra Pound

are looking rvithin clusters for unr-rsual signs that rnight l-relp thern
understanc'l what dark lrultter is m:rcle of. One study, for instance, has

claimed t() find a spec.ling 'bullet' of d:rrk matter moving clifferently from
the hot gas that sLrrrounds it ir-r :r particular ch-rster. Br-rt still clark tnatter's

origin is mysterious. Beciu,rsc clustcrs are stt massive, they can also clistort
the llght fnrm galaxies lying hehincl them. Bending the llght as it passes,

they act as giant but grtriny'gravitirtional lenses'(see p.148), stncaring or.rt

.list:rnt galaxies ir-rto curves ancl smudgcs.

Clusters can he thought of unfl:rtte ringlv irs

the garbaue hcaps ..rf thc cosmos, because

the-v are so big that everything falls into
them. Thev are therefirrc intriguing pl:rces

frrr cosnic :lrch:rcologists. Moreover, as the
largcst gravitationaIly hor-rntl objects, tl'rey

sl-ror.rl.l contain proportior-rs of nomal :rncl

.l:rrk matter that ure representative ,rf thc
runiverse as a n'hole. If we can count :lnd
u'cigh all the c[rsters, then that
alpr()xilnates to the total mass of the
lrnive rse. Ancl if we c:ln trilck ho.,v thcy
gr()\! ()\,er timc, b1 looking ftrr very distant
clrrstcrs sccn just as thev rnight be fomiing,
thcn u'c cirn le irm hou, the structure of the
lrnivcLsc hirs tlcvcLoped since the Big Bang.

Coma cluster
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Larg'e-scale
structure

Galaxies are spread across the universe in foam'like
structures. Clusters lie at the intersections of filaments and
sheets, which wrap around empty regions called voids. This
cosmic web is the result of billions of years of gravity, pulling
galaxies towards one another since their birth.

By the 1980s, astr()n()r'ners'instnrrnents hac] bccorne so ir.fi,aucc.l that thev

cgultl rneasure reclshifts fcrr manv gill:rxies sitnultirneously bv rcc.rrcling thcir

light characteristics :ts nult(rle slectr:I. A grgLrp ()f itstf\)n(rtttcrs fr, tttt

Harvirrcl's Ccnrer frrr Astrgphysics (CfA) deciclcd to systctntrtically collcct

redshifts for htrndreds of galaxics, t() tly to rec()nstrtlct their positions iu

space in three clirnensions. Their rcsulting surveYr kno',1't-t as the CIA
Rec'lsl-rift Sun,ey, revealed a new vie w of thc costnos.

The asrronomcrs rnappcrl out thc Milkv Way's ne ighborrrhoocl, fftrrn its

Local Grrtup ollt to the ncarest clLlsters an.| the superclttstcr 6n u'hgse e,,lgc

n'e lie. As the suryey grcw, it prgl.cd firrther. ln 1985, the:lstr11n,rtncrs hacl

collectccl over a thous:rncl re.lsl'rifts, reaching out to 700 rnilliorr light years

away. By 1995, the survcy l.ra.l clainretl over 18,000 reclshifts ftrr rcliitively
bright galaxics over :'r wide irrctr in thc northern sky.

Cosmic foam The first nlap w:rs surprising. It showeci th:lt even ()n

these hrrgc sctrles, the uniycLse u'as n()t rirndtttn. Tl-rc g:rlirxies were n()t

cyc;rly sprcad hut scer.ned t6 clir-rg t9 inr,'isiblc filarnents, strung ottt in irrcs

tru the surfaces of bubbles:'Lroun.l etnptv regions callctl r.'oids. This fo:un-

like structure is knou'n ns the 'cosrnic web'. Clusters of girlaxies fomrc.l

CfA Redshift Survey begins GreatWall of galaxies discovered



125

SYou ea,n't construet a doctrine of creation without
taking account of ttre age of the universe an{ the

ev6lutionar5r eharadber of cosrnic history.S
Jsf*n F*lkinghsrn*

u'here filarnents overlilpfccl. T1-rc higgcst structrlre in the sun'ey u'as .lubl,c.1

The Great Wall - a hand of gal:rxics concentmte({ in a vast region of
clirnensions 600 l.y 250 by J0 n"rillion light ye:rrs. Ernbeclde.l in tl'ris slr':rth

are lnany gul:rxy ch-rstcrs, incltr.ling the fiu'nous Corna cluster, onc of thc
t)l()st rnilssive near trs.

Sincc thc first survcys, technology has rnatle it even sirnplcr to collcct
retlshifts, and trxliry's attempts have rnappe.l out n-rillions of galtrxies across

rnost of the sky. The largest is thc Slo:ur Digital Sky Survey, wh,,se

intensi."'e observations:rrc marlc yc:ir aftcr yeirr frorn ir cleclicated 2.5 rn

diarneter telescopc nt Apachc Point C)hsen'atory ir-r New Mexico. Startcrl ir.r

2000, the srrn,ey airns to im:rgc 100 millron objects over 25 per cent of thc
skv ar-rd to get reclshifts for:r million of those. It tlres so by grahbing 640

slectrir irt r,r tirrc, using optical fibres that are stuck on holes ilrillccl into ir

metal platc. Evcry patch of the sky has to hirve its orvn pltrtc specially nracle;

rup to ninc plates are use.l eacl-r night.

Galaxy segregation Thr Slortn :rtrvr'v [;1* given u5 ir lari.lttte r icu ,,f
the strr-rcttrrcs of gal:rxies in the universe. At cvcry scirle meirsured, galaxies

ftrlLrrv sirriilirr wch-like pirtterns. Because thc survcy collccts spectril alld
also irnzrges, astr()n()lrers can tlistinguish .liffcrcnt types of galaxies.

Elliptical galaxies tcncl to bc reltrtively reil and their spectr:r arc sit-niLLr to
the ligl-rt frorn okl strrrs. Spiral galaxies are bltrer :,Lnrl thcir spcctr:r reveal

)rollngcr st:lrs, :rs thcy firnn in their gas-rich cliscs.

The Sloan survey rcveals that clift'erent t1,pes of gal:lxics c()ngregilte in
cliff'erent w:rvs. Elliptical gal:rxies thvour clusters antl crowrlcrl rcgions of
spacc. Spirals i'rrc ln()re u'idely scattered, ancl dislikc thc centres of rich

Sloan Digital Sky Survey begins Large Synoptic SurveyTelescope comes online
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galaxy clusters. Although by clefinition they are mostly empty, voicls can

contain a smattering of galaxies, usually spirals. This segregation indicates

that galaxies know about their environments.

Quasar absorption lines Although glr'"ving galaxies irrc easy to
trace, less is known about how dark matter ancl gas are spread through
space. Gas clouds can be spottecl when they absorb the light frorn objects

lying behincl them. Quasars, being very bright objects founcl typic:r1lv very

far away, rnake good lighthouses against which to search. Jr-rst as it :rbsorbs

sunlight, making Fr:runhofer spectral lines (see p.28), hydrogen g:rs leaves

recognizable signatures in the light spectrum of qtrasars. So clouds of
l'rydrogen gas cirn bc locirtecl through the absorption lines they pro.lLrce.

C)ther trace elements u'ithin the cloucl can also be measured, although
those :rbsorption lines are often weaker ancl harder t() spot.

The strongest absorption line of hyclrogen irppears in the r-rltravittlet region

of the spectrum (at wavelength 121.6 nanometers); when it is re.ishiftecl it
then appears at krnger wirvelengths. It is callecl the Lyman-alpha line'
Hyclrogen-ricl-r g:ls clou.1s, often little pollutecl since the Big Bang, which
produce this :ibsorption line are solnetilncs c:rlled Lyrnan-:rlpha clor-r.ls. If
there are mtrny clouds in front of the qu:rsar light s,rurce, then each one u'ill
proclucc ir girp in thc spectruu at a wavelength thnt cttrresponcls ttt its
re,,lshift. The resulting series of black lines cut in t() the ultraviole t light
emittcd by the quir-.ar is c:rllecl the Lyrnan-alpha ftrrest.

lf sightlir-res t() lralry b:rckgro,.urc'l qLrilsars are prohe.l, then tlistribr-rtions of
hv.lrogen gi,rs clor-rds in fiont of thern can be estimated. On thc r.vhole,

Astron()ners s(]e that the g:rs :rlso follows cltlsely the strttctr.tres 1-ricketl otrt

survaSs
The next generations of surveys hope to take movie-like sequences of the entire sky in

multiple colours.The Large Synoptic SurveyTelescope is an 8.4 m diameter telescope with a

three-billion-pixel digital camera, which is currently being built in Chile. Covering 49 times the

area of the Moon in a single exposure, from 2015 it will be able to image the sky every week.

Such telescopes will probe the mysteries of dark matter and dark energy and detect objects

that change or move, such as supernovae and asteroids.

",$
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by galaxies. Less is knor.vn about dark natter, because it doesn't is liko a
interact with light sc) cannot he seen glowing or in ahsrrrptiirn. But SmiflmmtS U[,Gb,
astronorrers suspect that it too favours the galactic cr)nurbl.rtir)ns attanhnd @o,G.r SO

Gravity's pull The cosmic w.eb is ultimate\'causetl by gravity, #fl}ft{ ffiffi
ili:l;:;;ill :1;i:::.ilil:'":.i;',i:lll[:;T,'L::;,!'ffi:T:,, to ri& a,t au nour
srars and gal:rxies. The gal:rxies 

'vere 
then ar"*"-,"g",n";':;;; qoffin&rfi' (ffi6n

time, such that the filaments, clusrers:rnd walls develope.l. tJfO attAmhmGnt
is scaroely

Astronomers know roughly how matter wirs distributed 4O0,OO0 ImfGq$ibi8.t
years ago, becar-rse that is when the cosmic microwave backgr.rund ,.,-,-
raliti,)n rrrs rclca.c.l. The h,'r anJ c,,lJ rp,,,, in'ir*,"ti;;;;;"'- 

" Uinginia WOOII

lurnpy the ur-rir,erse was then. The redshift surveys tell us hou'lumpy it is

today, ancl in the recent past. Astronomers then try to tie together the twir
snapshots - like trying to work out how a baby grew up to bc an old man,
they work out what pr()cesses turned the universe from its infant
stage to maturitl,.

The precise pattern of the cosmic foam depends sensitively on many
parameters in cosmological theories. By tweaking them, astronomers can
constrain the geometry of the universe, the amount of stuff in it, ancl also

the characteristics of the dark matter and dark energy. To do this they run
vast computer simulations, putting all their data (galaxies, gas and dark
matter) into them, and cranking the handle to estimate the parameters.

Even so, the answer isn't simple. The nature of the dark matter makes a big
difference, ancl we sirnply don't know what it is. Models that consider'cold'
types of dark [r:]tter - s1.rw-rnt,ving exr)tic particles - predict stronger
clustering on large scales than is seen. If the dark matter particles are fast-

moving, that is, 'hot' or 'lvarm', then they would smear out fine-scale
structure more than is seen also. So the galaxy clustering data suggest that
dark rnatter lies somervhere in between. Similarly, too much dark energy

counteracts gravity and slows the accumulation of galaxies. The best bet
universe is a compromise.
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Radio
astronomy

Radio waves open up a new window on the violent universe.
Produced by exploding stars and jets emanating from black
holes, radio waves identi$ fast-moving particles in strong
magnetic fields. Their most extreme examples are radio
galaxies, where twin jets fuel bubble-like lobes far beyond the
galaxyts stars. The distribution of radio galaxies also backs
up the Big Bang model of the universe.

Costnic uicrowuve l.ackground r:rdiation wasn't thc only astronomical
rliscovcry t() colne frout trying t() ilcc()unt frrr strrtic in raclio receivers (see

p.60). In the 1910s, irn engineer with Bcll Tclephone Laboratories callccl
Karl Jansky u'as invcstigating noise th:rt tror-rblcd his sl-rort-u'ave

transirtlirntic voicc tmnsnrissior-rs. He found a signtrl tlut chippcri in evcry
24 hours. At flrst he sr-rspectccl it night he the Sur-r trs other scienrists,
inclr"rdir-rg NikoLa Tesla :rn.1 Max Planck, hacl predictetl th:rt our st:rr sh,rr-r1cl

errit electrouragnetic wavcs right across the spectnlrn. l-rstening firr krr-rgcr,

he f,rund that it u'irsr-r't corning florn tl'rat direction. lts timing wus ulso

slightly less than 24 hours; it rnatchecl the daily r()tilti()n of thc sky irs scen
from tl're spir-rning Etrrth, in4rlying that it hacl a celestiirl origin.

Irr l9ll,Janskyrvorkctloutthattl'restaticrv:rscorningfromthcMilkyWav,
rnostly frorn the constcll:rtion Sagittarius, which hosts our gal:rxy's ccntre.
Tl-re firct th:rt it w:rsn't corning from the Sun indicatetl that it urr-rst irrisc not
in stars hut in intcrstcllar girs ancl clust. Jirnsky clidn't st:ry in:rstronon-ry.
Nevertheless hc is rcmembered as the father of r:r.1io :'rstronorny, iincl il unit
of radio brightness (flux dcnsity) rvas named the J:rnsky (Jy) :rftcr f-iirn.

Jansky detects
Milky Way in radio

Reber builds first radio
tel esco pe
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Another pioncer u'ils Gr()te Rebcr, a haur radio enthusiirst from
Chicago, Illinois, u'ho built the first ratlio tclescol.re in his btrck yard
in 1937. He built:r p112[,,11. reflccting dish over 30 fcct in clitrrncter
irn.l secure.'l ir rarli() tlctcct,rr irt its foctrs, 20 fcet abovc. The mtlio
recciver anrplrfic.l thc cosmic rirtlio r.r'aves milli,l'rs of times. Thcse
electronic signals \\'ere thcn fed to a pen p,krttcr anil recordecl as

charts.

Radio telescopes Although tociirl"5 r:rclio re lescol)es ctll-r (4rerirte rffgg,ff fgfr# f#ft#$, lggg
clurin,' the .lav (ther,urc tmnffecrc.l hy sunlight), Rcbcr observetl at
r-right in or.lcr t,r ir\'()iLl c( )ntrlninrrti, rn fr,,rn sl.rrrks from autonlrhile
cnsines. l)uring the 1t)40s, he surveye.l the skf in rirclio rvirvcs. Plotting its
bright.ress as, c().t()rrrc.l 

'rap, 
hc sketcl.rerl ()ut the shir1.,e,rf thc Milky \7ay,

rvith thc hrightest crnissions coming from thc g:rluxy's cclltre. He also
.lctccterl scvcral othcr irright s()urces of rtrtlro."r'ir.u'cs, inclutlir-rg ones in thc
constellations of C)ygnus ancl Cirssiopcitr. It u'as r-iot until 1942 tl-rat ilritisl-r
arrny research oflicer J.S. Hey detcctecl rarlio u'a'u,es frorn the Sun.

Although thc scicncc of railio :lstr()n()rny took otl aftcl the Scconc] Worltl
Witr, utrch of thc tecl-rnoloey nrosc as countrics racerl t() builcl radar s)'sterns.
Il.aclar - short for RAdio L)crccti()u Ancl Ranging - also lc.l t() many
clectrot-ric tlevices thilt l'narlc possible rnuclr of thc tcchnology u,e usc to.lil-v.

Surveys By the carly 1950s,

physicists in the UK and ALrsrrirlia
ri'ere protlucing survcys ,rf tl-rc
rl.lio sky usir-rg u tcchnirlrre crtllctl
rrrtlio interter()rretry. Whereas
l{cher's tclesct,l',c lrscd a singlr
,lirlr lrrr.l tlt.trrlrrl', lik(':t ililrr\rr itr
iln optlgill ref'lectin{.,I te lescopc,
raclio intcrfer()nlctcrs use rrurny

.]etectors spreacl ,rut tx,er :r witler

.listancc. Thc sprcu.l is crpir,alcnt

{New Radio
Wa,ves Tbace to
Center of the
Milky Way ...
No Evidenee of
Interstellar
SiEna[ing.p

Cygnus A shown to be
double radio source

3C radio survey published
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. 1 to using a big mirrtx; but hy comhining the signals

COSftV\ tC h tSS fr()nr rniur\ rle rrt rors, ir:tr()r)r)nrcr\ Lirn rnirse rcHir,ns

1 rrf the sky in liner tle tail thiin is prrssible u'ith onc verl'
You can detect the hiss from the , largc di-*h. SucI il sct-1p is it]eal f6r grakilg survcys.
MilkyWay if you have a small

radio set.Tune it away from any , Using a ra.lio interferornerer in L-arnbridge, British
stations, so that you just hear Fh)'sici.r: Arrtonv Hcu,ish rrntl Nlartin Rvle bcgan a
the static.Then wave its antenna i series of surve]'s of thc brightcst radi() sourccs in thr
around and you will find that the nprrhclr sk1', rvorkilg trt ir frcquency,f 159 MH;.
hiss gets louder and softer.The Fo[[r,u'i1H two prior listirrgs, their resulting 3rcl
extrahissisduetoitpickingup Carnhritlgesr,nVey,rrr lCft,rshort,thefirstt,f suitablv
radio waves from the MilkyWay. [righ .1Lr.rlitv, 1.as pul.lished in 1959. The earlier

,,,"' r'ersions welc l.eset bv calihration problerrs, antl their
vcnicirl lccl to claslres u,ith astronorners in Ar,rstralia

wltrr rvcre rnakins surveys of the southern sky in par:rllel. Betueen 1954

and 1957, Bcrnarrl NIills, Eric Hill anil Rrrrcc Slee, using the lvlills Clross

telcscope in Nerl' South Wales, rect,rdecl and puhlishe.l lists oiover 2,000
raJio s()urccs. By tl-rc tirne rhc lCl u'as ptr[.lishe.l, differences l.etween thc
rt-seilrchers rvere resolr.ed, anil the raclio sky urirs opcn tr-r invc-stiglrritrn in
hoth hemispl'reres.

Thc' natirre of th.' ra.li.., s()Lrrces was the uext cltrestiot-r - and optical spectra

lve re sought. Ll,rn'ever, becnLrsc the raclio sourcc positit)ns \\rcrc only cruclely
known, it rvas hirrd to x'ork,,ut rvhich star or galrxy r,r'irs responsible.
Eventually, thc sources yiel.led their secrets. Apart fronr the Nfilky Way's

ct:l'ttre, some of the brightest sources arc ur-rusu:rl objects in our galaxl'. For
cxatnp[c, Cassirrpeia A ancl thc Cr:rh nc[.ula ilrc supern()va re mnirnts, shells
of gas blorvn out by the catastrophic explrsion of a rlying star, the lirtter
rvith tr pulsar irr its centre.

Radio galaxies Other sorrce's arc m()re extreure. Tl-re brigl-rt source in
Cygnus - known as Cygnr-rs A - is ir clist:rnt galaxy. l)iscovered by Rebcr in
1919, it n'its sh,nvn in 1953 to be not onc s(rurce l.ut tu',r. Such clouble
s()Llrces ,lre characteristic ol many radio-e rnitting girlaxics. Either si.le of the
girlirxy:rre tu'o rliffr.rsc'lobes', virst hubbles inflirterl by firre jets trf encrgetic
pirrticles thrt ernunate from the girluxy's ccrltre. Thc syrnrnetrr',rf thc [r,bes

- they :rre usually equidist:rnt anci of similar sizes and shapes - suggests they
are tuelletl by ir single engine. That engine is th.rught to he a black hole
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StThs BiE Bangl is an irrationa,l prqress that cannot
be describbd in scientific terms ... tnorfchallenged by

an appeal to observatfon.}
Fred Huyln

that lurks in the ccntre of the r:rdio galaxy. As rnatcri:rl is suckecl towarcls

the bl:rck hole, it gets ripped irpirrt into its constituent particles, rvhich irre

bkrlvn out by the jets ilt speecls :rpproaching that of light. Raclio rvaves arise

because the particles interirct rvith strong mirgnetic fiekls to produce

'synchrotron racliation'. Most radio waves in space c()lne frotn internctiot-ts

hetween particles ancl magnctic fields in the hot cliffuse girs th:rt infuses

our own galaxy an,-i galaxy clusters, in jets or neirr compact objects where

magnetic ficlcls rrrc intensifiecl, such irs black holes. The centre of the Milkv
W:ry tcxr hosts a black hole.

Ryle v Hoyle Thc number of ra.lio sources in the r-rnivcrse proved t,r be

critrcal for ti're Big Bang theory. Ryle, strident leatlcr of the rirdio astr()n()my

groLlp at Camhridge University, famously confrontccl Frct'l Ho,vle, ir

charisrnatic astron()ffrcr :'rcross the roacl at the Instittrtc of Astronomy, who
had rvorked on the process of nucleosynthesis, the creation of elernents in
stars and the Rig Bang. In the ,-lays bcfrrre the discoverv of the cosmic

microrvave backgroLrn.l, the Big B:rng model wasn't acceptcd - in f:rct it
was Hoyle himself who coinecl the phrase 'Big Rang' :rs riclicr:le. He

favoured instead a'stc:rcly state'picture of the r.rnivcrsc, arguing thirt it did

not have a beginning ant'l had always existecl. S,r he cxpcclgl thirt galaxies

would be scatterc.l through sp2rce ilt ranclom, stretching on infinitelv.

But R,vle hacl found evidence th:rt rirdio sources were n()t trnifirrmll'spreatl
he saw that there r.r'cre more rnoderately bright r:rclio sourccs thirn expecte.l

from a ranclom distribution. Tl.rus, he arguecl, thc r.rniverse must be tlnite
and the Big B:rng model true. Ryle rvas provcd right by the discovery of thc
cosmic rnicrorvave backgmund, altl-rough thc two great ilstr()nolners

continuetl to spar. Tir this dtry tl're tu'o research gr()ups :rre fiercely
inclepenilcnt be cause of this history of hostility.

fi&x"w wLlR f,$ffiHm-ffiffiq$ $ffiwwm



tg2

Quasars
Quasars include the most distant and luminous objects in
the universe. Their extreme brightness is a result of matter
falling towards a central black hole within a galaxy. Because
of their geometry they look very different when seen from
different directions and can appear as unusual ractive
galaxiest with narrow emission lines. All galaxies may
go through a quasar phase, which may play an important
role in their creation.

l)Lrrir-rgthc llXrOs,au'eirtl clnss,,fst:rrl-tr::le.l astr()n()mels.Thcirunusuirl
spectra showe.l bright emission lir-res, brrt the lines rlicl n()t seern to lic at t[rc
right rr'rn'e lengths t.r be attrihLrtctl to krrou'rr clemcnts. \il/hat wcre these

1r[jcctsl ln 1965, a L)trtch astrol]()mer, Mnartcn Schmiclt, realizecl thrit t1-rc

lincs .li.l corre.spon.i to nonnnl elcments, incL-rrlir-rc thc churactcristic
sequencc cluc to hy.lr,rgen, hrrt they r.r'cre hcavily redsl-riftecl.

Thc rctlsl-iifts intlicatcil that thesc 'stars' l:ry irt virst rlistances, wcll bcyon.l
the N'lilky Wa1'antl in the rerrhn of thc galaxics. \'ct they tlicl rrot l.x,k likc
fuzzy galaxics - they r.vere point sourc-.es of light. Furthennt,rc, frrr thc
.listances tl'u,t rl-rcil rctlshifts intiicrrte'tl, thel'r'r'cre cxceerlinely t-risht. It n,as

sur|risrr-ro thirt sornething that looke.l like'onc of thc stars in our galaxy rvas

irr f:rct l,rcirtc'.i il'ell bc1,,,n.l the L,rcrrl SLrpercluster. Wl'rat c,rtrl.l p,,u'erstrcl'r
l thing/

3,:,il?j',,,tT:,T.:.::,::lll,,:.1li:i,]:: jrl;:u j',,:i:il":l':l'1iI..,.,
,,r QSt)s - u'irs through the cxtreme action of grirr,ity, namely ncrrr blirck
holes. Murtcr tirlling t,rriarcls ir hlirck hole in the centre,rf ,r galirxt'c,rul.i
heat,.rp throLrsh friction antl rircli:rte enough light to explain thc enonn,rus

Schmidt identrfres ctuasars Frrst lensed quasar seer.l
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*U a car was as fuel-etTicient as these
black troles, it could theoretically travel
over a billion miles on a gallon of gas.}

Shptstrtrflsr- ffi * F'ffi nlSs

luminosity of the QSOs. The light from the central point outshir-res thc rcst

of thc g:rlax1', rnaking it irppurrfrom af:rr like a stirr. A frirction of QSOs,
irrount1 101-rcr ccnt, also cmit radio wilvers: these irre narneci 'cluirsi-stelIar

raclio sourccs', or'rluusars'for sholt. Tl-ie u'hole class is,rften referrerl to
simply as quilsars.

ts
0s0

As gas, dust or cvcn stirrs spiral in torv:rrcls a black hole,
the rnaterial collects in a clisc, calle.l an 'iiccrction tlisc'
follou,ing Kcplcr's Lrru,s. Just like the plinets in our owr-r

solrrr systcnr, ulrtcrial in thc inne r parts of tl're clisc orbits o o

more cluickly thun thc ()Lltcr flrrts. Atljacent shells of gas o . o

rub agair-rst eacl-r otl-rcr ar-rl hcat Lrf to rnillions ,rf o

degrecs, cvcutuirlly stirrtit-rg to glou'. Astronomers predict
that the ir-rne r prrts of thc accrction disc arc hot so tl-rey

emit X-rays; the ,ruter prrrts are ctxrlcr, and cmit infrarccl
racliation. Visible ligl-rt comes frorr regions in betr.veen.

This range of ternpenttrres generates cmissi0n over n

u'icle rirnge of freclrre ncies, each teurperature correspon.ling to r,r

characteristic black l.ocly spectnun that pt-aks at a tlifl'erent encrgy. ThLrs

qllasars rilrliiltc firrrn thc lar infrarecl tl-rnrugh to X-rays, a rnuch rnore

cxtreurc rtillgc than ally stirr. lf strong milgnetic ficl.ls:rn.l f:rrticle lets ilre
present, as firr radro galaries, then thc cllursrrr nlso shor.r's ra.lio ernission.

Thc preser-rce ..rf srrcl'r a hright antl energetic source of ligl-rt 1-,ro.ltrces
another colnP()nent that is characteristic ,rf .lutrslrs bro:rrl emission lines.
Clourls of gas floating jrrst al-.ove the clisc can be illtrminated, cirusir-rg thcnr
to gkx,,'in spectral lines that reflect the cheniicnl rnakc-r-rp.,f tire clt,u.ls.
Becr,ursc of thc proxiniiry of tl-re central black hole, the cloLrcls ln()ve \,er)'
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, Peter Barthel proposes unified schemes
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Sloan Digital Sky Survey detects distant quasars
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QuOsOr environrvran-ls
Active galactic nuclei may be found in both elliptical and spiral hosts.
Yet certain AGN classes favour certain environments. Powerful radio

sources tend to be associated with large elliptical galaxies. Spiral
gaiaxies with active nuclei tend to weak radio emitters. Active galaxies

are commonly found in galaxy groups and clusters.This has suggested

to some scientists that collisions might be involved in triggering black

holes into action. lf one of the galaxies in a merger is a spiral, then it
would bring gas fuel with it that would be funnelled on to the black

hole, causing it to flare up.

. ..ii

fhst, so these crnission lines become hroir.lcnc.l duc ttr the L),rpplg1 gf1c.1.

The curission lines in (luusilrs are rnuch hrotr.ler than in other tlpes of
galaxies, u'here thcy are typicallv r-rarr()w.

Active galaxies Qrrasars are the rn()st extrclnc exanrples oi r clirss i,f
galaxics u'itl'r irccrcting hlack holes, called active galrrctic nuclci, or A(iN.
The prescnce,rf hlack hirles is revcrrlcd by characteristic emis.sit.ln lines that
arc .lifficuit to excitc cxccpt in the liighly' ioni:ctl girs that arises cluc to the
h()t tcmper:rtLrres gcne rate,-l ncar thc black holc. Br,ratl lines arc visihle to
irs onlr' iltl.re regiot-rs neilrest tl-re black h..rle cirn bc scen clirectly. In otl'rer
t1'pes r,f ACN the inncr regi,.rns mirv be hirl.len bv..lense clor-rds of gas an.l
clust distrrbutcd in a clrughnut tonrs shapc, ancl tl-re l.r,atl lirres ol.scrrre.cl.

AlthoLrgh onll' n311,,rn' lines rcmirin visihle, thc high-ioni:ation levels i,f tl-re

lincs givc awa), the presence of the rnt,nster at the A(lN's ht-art.

TI-resc clitflrent classes oiquasars and other irctivc gillirxies mav arise sirnph
[.ccr,rr-rsc u'c arc vie'n',,ing them frorn.lifierer-rt rlirectior-rs. N'lan1,g:rluxics hirvc
tnorc obscurinq Inateriirl trr,trntl thcir f:rttest axis, for instirncc thcy rnay

shou' dust lanes. So if sLrch ualaxics were vie."r'erl erlgc,l-r. then this extrir
lnlrtcriirl lnrl any centrill .lust t,rrus mieht hlock the sightlinc to iury centnrl
l.lack h,rle . Alor-re the sh()rtcst uxis rrf tl-rc girlaxrt, l,L.:lerrcr r-iel trr the
centrc is possiblc. Thus.luasars might be- frcrl()lrinzlltl\,r'icu'c.l ,.l,xvrr thc
shtrrt trxis; an.l AGN hcking l,road lirrcs from the sii-le. N{:rterial might also
be clearc.i out along the shorter irxis tuot'e errsily 1.1 ()utfl()\.\'s; sr) c()nes lnii1
l.c of,rr-rc..l up, makir-rg the vieu, even clcancr.
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Unified schemes Tl-ris iclca that 6nuinkfe, twirrkle' qua,si-star
difTercnt types of AC)N might arise BiggeSt ptIUUle ffOm a.faf
sirnply from 

'icu,ing 
tlirecti.r-r is IIOIf,r rrnlike ttfe otiher ones

knorvn as rhe'unified schernc'. Tlie Bfighter tJra,n a billiOn St*nS
ra.ir iit,r il,,r"l\ (tt,r'c l.il i,,r qt,,,i,ri5 T\nfi|1fklg, tWiffkle, qgasi-Stax'-
and other active glLrxics that are n'ell IIOW I WOndef What ygff afe.?
rnatchetl in the ir largc scale

propertics, such as ra.li,, o, galrty ffimmrffg fi*rngw

brightness. Hou'evcr, ACN come in
many vnriants. Thc intrir-rsic brightness of thc AGN, through thc si:e of its

black hole, is likely to irftect h..rw clear tl're vicw is to thc centre. The

centres of weirk AL)N rnight bc tnore btrrie.l than n..rre powerft-rl oncs. Or
young AGN, u'h.rsc central black h,rles hirve onll' rccelltly su'itctretl on,

rnight be rnore he'avily obscure.l than oltle r ot'tcs, rvhic-.h h:tvc hacl tlorc
time to clear orrt rrrittcriitl. The prcsence or trbsence of ra.lio ctnissitln is

anothcr ilrctol thnt is trnexplilinc.l some ilstronomers thir-rk that rirtlio jets

arise frour spinning l.,lack l-rolcs, or ftrllowing certain t1,pe's ,rf girlaxy

collisions, such :rs betu'een nvo tttitssit'c clliptical galaxies.

Feedback Astnrnomers irrc gra,.ltrally lctrtrir-rg abottt horv thc presence of
an accreting l.lirck l'rolc iu tlre centre affects the u'ny a galirxy .lcvelo1.s.
'When 

actir.'c, the central hlack l-rolc may l,last gils olrt olthe galirxy, letrr.'irrg

behincl lcss fuel tirr r-rcu' stars t() ftrrni. Tl-ris might explain, for exarnplc, why

elliptical galaxies contitin littlc grrs and f'ew y()Lrl1g stilrs. In contrast, if ACN
switcl'r tx'r irfter c,rllisirxrs, then any g:ls introtlr-rcecl ut:ry 1115i1 kick,rtf a r:rpicl

hurst ,lrf st:rr foruirtion - so ir girlaxy lrtty go thror-rgh a phasc r.r'here it is

heavily ohscuretl an.l is buil.ling nc\\' stirrs. As tl-re A(iN gets going, it clears

a\\,a-v the rness at-rtl hlasts ,rut the extrltueous gas, btrt this then stilrves thc

h,.rle of firel, urcauing that it turns off. SLrch c-vclcs rnay play a key role in
how girlaxics iirrtn, ilcting like a sort of therur,rst:rt. Astron,rttlers tlou'

sLrspect thlt all galirxics go thror"rgh phtrses of bcing active, pcrl'raps ten per

cent of thc time. Tl-rc 'fecrlbrrck' that results has a str,rng etJcct on thc

subsequent nature ()f thc galaxy.

E i A*- ; "- t; ; L 4"r-.."r r,-x{."'o 4 }{*}c..:r L
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X-ray
backbround.

X-rays are harbingers of extreme physics, and X-ray
telescopes flov,'n in space offer views of violent regions, from
the neighbourhoods of black holes to the million-degree gas
in galaxy clusters. Such objects collectively create a dim X-ray
glow across the sky, which is called the X-ray background.

Progress it-t ltstronomy ofien cotncs frorn rrpening up tlcw winclolvs on to tl're
runir,'erse . Clalilco tlitl this l.y pccring through a telescope ; :'Lncl ra.lio
irstr()n()rners .lisc,rvcrecl new phenorncna, incluciing [,lack ho1cs, h1' s5ly1'
radro rece ivcrs to 1-rick up the cosmos's signals. At the othcr cnrl of the
electrotnaguctic spcctrurn lre X-r:rys. L)ccr.les afier rirtiio astror-romy's hirth,
X-ray astrottottty rv:Ls born.

X-rays arc generated in cxtrellrc c(,\lnic rcgir)lts th:rt lrrc very httt or
perva.le.l by' rnaunetic fiekls. Thcsc inclrr.le nruch of astronomical interesr,
frrrtr-r gllaxv clusters t() neutr()n st:lrs. Yel l,ecause thcy c:rrry so rnuch encrgy
in cach photorr, X-mys lrc diffictrlt to collecr with a tclcscofe. As n'e know
frrrm thcir mctlical use in scuns, X-rilys travel right throLrgh most of thc soft
tissues it'r our bo.lics. If the-y :rrc firc.l at :,r rnirror, tl-rcy .1,rn't rcflcct off but
l.cctrtne ernhctltlcd in it, like a bullct hitting a u'lll. So reflecting tclcsc,,l,es
rure impractical firr tircusing X-ravs. Likeu'isc lcnscs matle of glrss rvon't
u'ork. Thc \\':l) l() c()lttr()l X-ravs is to lrouncc thenr,rfFrr mirr()r itt.t ltrlrr()\\:
gra:ing ru'rglc - thel' u'ill tl-rcn bc deflected likc a ping pong ball, an.1 cln l.c
fircusctl. So X-rl1's can l.c corr:rlletl rrsing series of spcciirl cun,e.l tlt'flccting
rnir-rors, u'hicl-r arc ottcn coltccl in sol(l to mirxirni:c their reflectivitv.

Rdntgen discovers X-rays in lab
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Cosmic X-rays X-rays fr,ln spirce are irlso

absorbed hy our atrnosphere. So ilstr()n()lners
had to rvart firr the era ofsirtcllites t,r he ahlc to
see the X-ray rrniverse. ln 1962 ar-r ltrrliar-r-

Arnericru-r astr( )n()l'ner c a l led R iccarrlo (l i acclrni
and his tcan luunchc.l :r .lctcctor into sp:rcc

:rn.l s:rw thc flrst X-ray source apilrt fr()ln tlle
Sun, calle.l Scorpius X- l, rvhich is a neutr'()n

st:rr. A year later tl'rev larrnched the first
im:rging X-ray telescope ( coincicler-rtallv alrout
thc sarne si;e as Caliler)'s telescope in l6l0).
The astron,,rlers nratle cnr.le obsen,irtions of
sunspots ancl u[s,r irnuge.l the Moorr in X-r:rys.

The picture of the Moon sl'rorvcd s()rnethins strrprising. Tl-rc Moon itsclf rvirs

part lit, appearing dark l.rr-r one side an.l bright (xr the ()thcr, us you tnight
expect froln its p|1n.e iind frtrrn sunlight reflectc.l fnln its sr.rrfircc. But the
sky behlntl it lvas r-rot clark - it rvirs irls,, gLru'ir-rg. (--atcl-ring X-rirys is so

difflcult that these inases are brrilt trp by intlividu:il l.hotons - thc
backgnrur-r.l sk1, sl-r..rwe.l rnorc photons ti-r:lu thc clzrrk siclc ,rf thc lV1t,ot-r,

u'hich was obsctrring it. Cli:rccorri l.ra.l .liscoveretl the X-ra1' bnckgr,rr-mcl.

X-ray background Although botl'r arise at cosmic .listances, the X-ray
background is difTerer-rt fr,ln the rnicro\r'ave lrackgnruncl. Thc firnncr comcs

m:rinly fronr rnany individual stars and galaxies, u'hich :rre bler-rcle.l togcthcr

- in tl-re silrne wiry thnt the Milky lVay is n-racle of m,m1' \tirrs )'ct illlcilrs as

a hazy har-rcl to tl're nakctl eye. The cosmic microlar.c btrckground, on the
orhcr hand, is til.rc to fossil rirdiirtion frorr.r the Big Rnng that pen'acles sface,
and is not associnted with particular galirxies.

The ciuest to rvork out rvhere these cosmic X-nlys r,verc cotning frotn to.,k
tlecades and severill furtl-rer missions. Tl-re lirtest lnc2rsLrrclncnts contc frottr
NASA's Clhar.rclrrr ,rhsen'ator1', rvhich has irn eye keen en,rugh to dissect thc

The night sky is
brighter in X-rays
than the dark side
of the moon

Giacconi launches X-ray detector into space Chandra X-ray Observatory launched
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chandra spaca obsarva-lor3
NASAs Chandra X-raY

Observatory was launched into

space in 1999.To catch the

ricocheting X-ray Photons, the

telescope uses mirrors that look

more like barrels than the cuP-

shaped mirrors of optical

telescopes.The four Pairs of

mirrors are polished so smooth

X-ray hackgrgund. Astr,rnrrmers httve nt,w rcsolr'e.l pver 80 pcr cent 9f tl'rc

s()Llrces thirt c,rntbinc to protlucc the X-rtry birckgroLrncl; tl-rey sLrspect the

rest is simil:rrly prpduced hut can't yet discern th6sc objccts. Fort-v ycirrs

aftcr Giacconi's pioneering cfforts, over 100,000 X-rtry sources have been

.lerectc,-I, rhc rnosr .listant of which is 1I billion light ycars frt,ni Earth.

Extreme physiCS A rirnge of :rstronontical objects emit X-rays. X-r:r1's

itre proclucc.l in gas hcated to rnillions of degrces. This occLrrs in regions

rvith higl-r rnagnctic ficltls, extrerne gravity 9r in explpsior-rs. S,lle 9f the

largcst objccts incluclc galaxy clustcrs 'thc hot gas thirt pcryacles thern is

sprea,-l over ir region millions of light ye2fs ilcr()ss an.| cirn contain enough

matter to r-n2kc hln.lre.ls of trillions of stars. Rlack holes clnit X-r2ys:

Llrasi:rfs ancl :rctive gal:rxics are very ltttnit-totts S()LlrceS ilntl ciln be tr:rcecl

right:rcnrss the tu-riversc. In f:rct thc lrescnce of :r point-likc X-my soltrcc in

the ccntrc of rr galaxy is ir givcarval' that there is a black holc thcre '

Astr0norncrs usins the Chanclra satcllite h:tve irddecl X-riry in.rages ttr

rnulti-r.virr.'elengrh slrrvcys of galirxies, inclu.ling t1-re Hubhle Deep Fielcl

an.l purts tlf othcr sky surveys. Using X-ray criteriir, they have bccn able

t() track tl-re nr-rurbcrs of hlack holcs across thc ttt'tivcrse over hillions of

ve:rrs. Thesc surveys sr.lggcst th:lt itcti\rc galirxies, lvitl'r accreting hlack h,rles,

\\,ere fnore c()nllnon in the past, 2nd that black hole actiyity htrs tleclined

since its heytlay. This pattern, like thc fact that stitrs wcre frrlnecl mgre

that their surface is accurate to

within a few atoms (equivalent

to the roughness of the Earth if

the highest mountain was just

two metres tall).The X-raYs are

then channelled to four
instruments that measure their

number, position, energY and

time of arrival.
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rapidly in the p:ist, may signify that galirxy collisions wcre

prrVrlent in th(' y( )unq unit crrc.

Sorne types of stars :rlso glow in X-rays. Exploding st:rrs anci

supernovae givc off energetic emission, as do collapsecl stars -
stars crushed .lown [-,y their own gravity as thcir ntrcleirr

burning ftrlters into vcry dense fonns, including neutron st:rrs

and r,l'hite dr'varfs. In trn extreme cilsc Lr star will coll:rpse right
down to a black holc - X-rays havc bcen .letected :rs close as

90 km from thc cvent horizot-t of :r stellir black l'role .

Ycrung stars, becausc they itre h()ttcr, rtre str()nger in X'rays than our Sun.

But the Sun totr gives ofT X-rays in its outer laycrs, especially its corona,

whici'r is super-l'rot and threir.lecl by stnrng nirgnetic fickls. X-riry images :tre

useful for looking at turl.rulence and :rlso the flaring of sttrrs, ancl hou'tl-ris
behaviour cl-r:rngcs as stilrs age. Some of the strongest X-ra)' sources in ttttr
gal:rxy are ckrse hir-rary systelns - p:rirs of stars - where one or both is a

collapseci star. The c()lrpact stirr ()ften sucks g:ls oif the othcr star, urirking

them very activc systenrs.

{It seemed at
ftrct a nour kind
of invieible ligbt.
It was clearly
something neur
something
unrecorded.t
Williarn ltonnad fiiintgen

gas he saw that a chemical-coated screen

fluoresced even when the experiment was

carried out in complete darkness.These new

rays passed through many materials,

including the flesh of his wife's hand placed

in front of a photographic plate. He called

the rays X-rays because their origin was

unknown. Later, it was shown that they are

electromagnetic waves like light except that

they have much higher frequency.

ttutlilAM n0NTGEN {r S4S*1 S*f;}

Wilhelm Rontgen was born in Germany's

Lower Rhine, moving as a young child to the

Netherlands. He studied physics at Utrecht

and Zurich, and worked in many universities

before his major professorships at the

Universities of Wrirzburg and then Munich.

Rontgen's work centred on heat and

electromagnetism, but he is most famous

for his discovery of X-rays in 1895. While
passing electricity through a low-pressure

t$ m' #ffiKgn$"mru"km**d"$" A{ [m*+,
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Surrermassive
bhbk holes

Lurking in the centre of most galaxies is a black hole
monster. Millions or billions of times more massive than the
Sun, and crammed into a region about the size of a solar
system, supennassive black holes influence how galaxies
grow. The size of the black hole scales with the size of a
galaxy's bulge, implying that black holes are fundamental
ingredients and may also subject the galaxy to huge blasts
of energy if they are activated during galactic collisions.

Since the cliscovcry .'rf tpirsars ancl itctivc gllirctic ntrclci in the 1960s,

irstr()n()mers h:rvc known that giant l.lack holes - millions or billions of titr-res

lnore n:rssivc thtrn a single stur - cll1 exist in thc ccntres of galaxics. In the

last clccarle it has becomc clcar th:rt all galirxics ttuy harbour l,l:tck h.rlcs. ln
ln()st cases tl'rey urc.lotnlrnt; ilt 5()llc circurttstrtnces they flarc trp when

mlrtcrial is funnellcd or-r to them, inclu.ling rvhen we see thctn :ls cpritsars.

Thcrc :rre several ways y()Lr crrn tell r.r'hcthcr there is a black holc in tl're
ccntrc of a galaxy. Thc first is to look irt thc nx)tions ttf st:trs ncar the
galaxy's core . Sturs trirvel on orbits irrouud the centre of tnass of a galaxy, in
the sarnc w:,Ly thirt the plancts in or-tr solirr s)'stern spiu i'rbttut our Sttn. Thcir
orbits:rlso firl[oll'Kepler's lau's, so stars near the centre of ir gal:lxy trtrvel

along thcir elliptical paths i:rster tl.ran tl-rosc lying further ,rut. The ilverirge

sl.cc.ls of stnrs give awny how tntrch tnllss lics lt the centre. Thc closer ir-r

f)u can nleilsure, thc morc you cilt c()nstr:tin the irrnor,tnt and cxtent of
rnass lying u'ithin t1're ir-rncr stirrs' orbits.

Jansky detects Milky Way
centre in radio

Ouasars discovered
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Astronorncrs h:n'c fitrnrl that stirrs ir-r the very centres of
ln()st g:rlirxies arc rnor.ing too f:rst to be explained by

stars, gus antl tlark mirtter irkrne. This is apparer-rt frotll
Io.rking at thc l)opplcr shilts of sl.,ectral lines fr.rrn th..rse

innenlost strrrs. Thc iast stell:rr rnotior-rs irnplv giar-rr

black l-rolcs rrt thc galtrxy's heart rnillions ..rr billions of
tillles r)rore mirssive than the sun, irn,-l containcrl in rr

region the size of our solar systcm.

Our Galactic Centre Thc Milky Wry has a central
black hole. The Galactic Ccntre lics in thc constcll:rtior-r
of S:rgittrrrius, near a rarlio sourcc callc.l Sag A'r. Astronotners l'rirve tr:rckc.l

clozens of stirrs ne:rr it, an.l thcy see clear er,'itlence frrr a hidclen black holc in
thcir rlrovenicnts. Over rn()re than a clecade , the stars pursuc their orbits, brrt

when thel'c,l'-e cl,rse to the placc whcrc thc blrrck hole is thougl'rt to lurk,
they u'hip artrun|l tl'urt poir-rt srrcl.lcnly irnrl arc fltrr-rg birck out on elong:itctl
p:rths. Sorle c()lllets in our solar systcn take sirnil:rrly extrene orl.its, r:lcing

f:rst 1.rast the Sun and skrwing dou'n in thc icy reaches of the outer iiolar

system. The Llalactic (ler-rtrc st:rrs show that there is something rnassive,

cornpact and ir-rvisiblc irt thc ccntre of the Milky Way u'h,rsc rn:rss is four
million tirncs thrrt of the Sun ir supennassive black holc.

R:rclio astront)rrers can similarly lreasurc thc spccrls of bright sources that
inhabit the central regions of galaxics, slrch :rs water rn:lser objects, that
emit strong rtrr'li,r waves clue to excitations of wi,rtcr r1l()lcclrles. In several

galaxics the existence of a rnussive, c()mpnct black holc h:rs heen clecftrcecl

using rnaser vekrcities that arc found to follow Kepler's lirrvs closely.

Bulge-mass relation Befirre 2000, strpemrassivc b1:rck holes were

gcncrally thought to be an unLrslurl ingrctlicnt in g:rlirxics. Active galaxies

clcarly h:rd thcrn, and thev shorve.l ul in s11111c othcr quiescent galaxies, htrt

they u,ere n()t considerecl key. But thar tluickly changccl r'"'hen astrot-uruers'
vicu's of the he:rrts of galaxies were clarifietl with ncw powerftrl telescopes

ancl instrunrents thut c,rulcl tnc:rsurc thc vclocities of stars near their
centres. lt soon bccarnc clcar that iill galaxies har''e black holes.

Traiectories ol stars
near the Milky
Way s centre give
away the presence
of a black hole

Water masers indicate black hole in galaxy NGC 4258 Black hole-bulge mass correlation discovered
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Mgreover, the black hole mirss is proportional to the tnass of the btrlge of

the g:rlaxy ir-r which it sits. This was the conclusion of a study of hunclreds of
galirxies in which ilstr()norncrs rneasured the spre:rd in the speeds of stars in

galactic centres, which in.licates central mirss, irnd plrttecl that on n graph

against their bulge nzrss. It w:rs a nearly ()ne-on-one correl:rtitln'

This clear trend rv:rs surprising. It held irrespectivc of the galaxy type,

applying tO ellipticals as well as the bulges of spirals. It opened trp new

questions :rbout the relationships between diff'erent classes ttf galirxies, as set

eut in Hubhle's tunir-rg-fork-shape.1 sequence. Galaxy bulges and cllipticals

did n6t only look rrlike in terms of their colours and the ages of stars u'ithin

thern; this ner.v correl:rti.rn suggested that these structures might also have

formed in a similtrr way. it seerned tl-rat discs were indeed extra features thirt

rnight be gr()wn or destKryecl, .lepen.ling on a galaxy's fcrrrunes as it
interacted with others.

Thc scsling is also surprising because proportion:rlly the masses of these

black helcs irre still only a srnall frirction - less than 1 per cent - of the total

r.n:rss of tfie galaxy. So the hlack hole c]oesn't influence the galaxy's wider

gr:rvitirtionirl field as such but is only noticeable in its itnnediate localc - it
is like :r black pearl in the galaxy's heart.

Seeds or relics? How rnight superrnirssive hlack holes forml We know

that s1'rall black holes can arise when rnassive stars coll:rpse at the cnd of

their lives - when a star ceases burning, it can no longer holcl itself up

trgainst its own gravity and cruncl-res tlown to a clense husk. But hort' wo'-rld

this rvork 9n scales rnillions of tin-res greater/ One possibility is that

superrnassive black holes are the relics of the first st:rrs. The eirrliest stilrs to

t6r1n irre llkcly to hirve bcen very large :rncl short-lived, so they would have

quickly exhausted their pou,er ancl ctrllirpse.l. A cluster of thern might be

Jr,r*,r-r t,-,g"tl-rer into a single giant hlack h,r1e . Alterntrtively, the lrlirck holes

{tThe blask holel teaclres r}q* tha,t fp1fr can bG-
like a piece- of paper iqt-o an-inftnitcnima,l dot'

thet-timc can ba e)rtingufihsd like a bloum-out fla,ms'

llll

anfl Urat tlre laws of phlsics that we regard- as 'sacred,'
a^s immutitG, are arrything 6ut.!

John Whseler

I
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in galactic centrcs ma-v pre-date stilrs, ancl might have existerl when or soon

after the Lrniverse wirs born. It rnay h:rve been the black holcs th:rt seedecl

galaxies in the first plirce. Astronorners simply don't know.

The next qucsti(x1 is how black l-rolcs incrcase in size. Astronotners think
that galaxics grow through rrergcrs - by cirnnibalizing smaller ones irntl

crashing into large ones. But there trre few galaxies with obvious .Lruhlc or
muitiple black holes u'ithin them, even in cases rvhere a merger tnay have

occurrecl recently. This suggests that central black holes mllst c():llcsce

quickly but mathem:rtics :tnd computer simulations imply otherwisc.

Becnuse black holes ate so clcnse irnrl compirct, thcy behirve rnore likc
billiard btrlls than putty. So if they are throrvt-t tou'irrds each other in:r
collision, they shoulcl ricochet off r:rther th:rn stick together. This difference

betrveen black hole theory ancl observ:ition is still a tn:rjor pr.rzzle.

Feedback Assuning that yor-r ciln grr)w black holcs smoothly, such thirt
their mass increases alongsitle that of the bulge in rvhich they sit, horv rnight
hlack holes influence a galirxyl STe knor.v that in at lc:'rst 10 per cent of
galaxics the central black holes are active, as we see them as ilctive galactic

nuclei. It is plausible that black holes g,r through phirses of activity ancl

.lormancy'. On aver:rge they n-rust switch on, by accreting gas, ftrr irrouncl l0
per cent of a gal:rxy's lifetime. Qr-rasars arc cle:rrly altectecl by the high-energy

blast that results - \'Llst ()utflo\r's of itxrized g:rs, radiation ant'l sometiues radi()-

ernitting particles are generated in the vicinity of ir hlack holc ns material

pours in. Might :rll galirxies have been through sirnilar activc phasesl

Astronomers think so. They suspcct th:rt hlack holes follou' cycles ,rf
activ:rti()n in the rvake of galirxv collisions. Mergcrs feetl the black holc l.ty

bringing in new teservoirs of gas frorn the other g:rlaxy. The black hole
ilr()nster then switches on, glorving fiercelv in X-rirys and blasting out hetrt

ancl p:rrticle oLltflours. The accutnulation of girs:rlso triggers the formution ot
new stirrs, so the galirxy g()es through ir phase of considerable ch:rnge.

Eventually the gas supply is exhrrusted ancl the black hole hecomcs st:rrvecl

:rnd switches off. Thc galirxy then settles back to its quiesc*nt :trrre rrrrtil
the next merger. Ultirnately, sttpermassive black holes may he the

thermostats thirt regulate the grorvth of galaxies.

*hm #ffiK*"flKffipkffiffiffi $#"mnq,
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Galaxy evolution
Nthough Edwin Hubble encapsulated the idea that galaxies
change from one type to another by classifying spiral and
elliptical galaxies on one diagram, it is still a challenge to
figure out how this happens. Astronomers have characterized
the different types of galaxies, and mapped the distribution
of millions of them across the universe. Now they are running
huge computer simulations to try to understand how galaxies
form, and how their character depends critically on the basic
ingredients of the universe.

Thc strrrting point firr r.rn.lerstanding galaxy evolution is thc costnic
microrv:rvc l.r:rckgrounr'1, which is tl-re first snapshot availablc of tl-ie
bnhy rrnivcrse . The hot irnd colcl s1-,ots that fleck its strrf:rcc m:rp thc
fluctuntions ir-r the clensity ()f matter 400,000 ,vcurs aftcr thc Big Bang,

lvhich stemrne.l fnrrn tiny irregulirritics. Thesc seerls then hegar-r to grow,

thr..rugh gravity. Olumps of hydrogen gas were pulled togetl-rer to rnakc the
first sturs :rncl galaxics.

The r-rext snupshot of thc univcrse thtrt is visible to us is the high-rcdshift
rrniverse. Becausc of the tirnc it tirkes light to tr:rvel to us, redsl-riftecl

g:rlilxics arc sccrl irs they were billions of yeirrs irgo. Astronolncrs cilrl
literally see ir-rto the past hy seeking ever morc clistant ()bjects. The n-lrst

clistant gillaxies :rncl .luusars founcl so fhr are seen as they were aboLrt 1l
billion ycirrs 1rg(). So wc know thnt gal:rxies were ir-r place u'ithir-r a billion
years of the Big Bang (thc unive rse is 11.7 billion years olcl). This n'icans

rhirt gal:rxics formccl vcry quickly, u'ell within the billion-year lifetitnc of an

average sun-like st:u.

Cosmic microwave
background radiation and
quasars identified

Hubble tuning fork diagram
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SfHe reason why the universe is
eterna.l is tha,t it does not live for itself;
it gives life to others as it tra,nsforms.p

Ln* Tsru

Astronolners have ir cl-rickcr-r-ancl-cgg prohlem wherr it c()lncs t() fortnirrg
galaxies:.licl stars frrrm first iln,-l bin.l togethcr to rnirke galaxicsl L)r rlitl
galax,v-sizecl cltrmps of gas frrrrn filst irnd ther-r fragnent into myriirtls of starsl

These scer-rarios irrc cirllcrl 'bottom r.rp' irncl 'top clrwn' g:rlllxy foruuttion. Ttr

clistinguish l.et.,veen thc turr, wc neetl t() peer firrther hack in timc to finr'l

examples of gllaxics just forrning. This e poch of the trnivcrsc is difficult to
see, howcvcr, hccausc rt is shroucletl in fog - it is refcrrcil to irs the 'clark age'.

Reionization Wl-rcn thc cosmic ruicroll'ave backgrorrn.l photons were

releasecl, the univcrsc chaugerl frorn being electrically chirrgc.l irn.1 opirque
(electnrns iurd protons rvere free to scatter photons) to hcing neutraI ant]

transparent. Atotns frrrtnecl r.vhen the unit'erse c,xrlccl cnough for electrot-ts

and protons to cornbinc, l.ro.[rcing ir sea of nelltrill hydrogcn u,ith :r

snattcring of light elenrents thnru'n in. Yet the uttivcrse we see tocliry is

aln.urst cornpletely ionized. Intcrgalactic sptrce is full of chargecl pnrticlcs
and hytlrogen is left or.er only in g:rlaxies or rare cloucls.

What happenecl to tl'rc l-ry,-lrogen? lt was ionizecl ancl dissipatccl u'hcn the
first stars turnccl on - a pcriorl knorvn :rs tl-re epoch of reiot-tiz:ttion. Whether
those stars were isolatcd or :rlrcarly clustered in galaxies sh.rLrl.l be apparent
if rve coul.l scc thc stirges in wl-rich the ionization happcned. But probing
thc r-rnivcrse's d:rrk age is ,iiffictrlt. First, rvc know of r.'ery feu' ,rbjects u'ith
such high reclshifts. Thc n-x,st dist:rnt galaxies are \rery fhint and rcd, irncl

searching frrr thcrn is likc looking ftrr:r needle in a hayst:rck. Even if a very

rerl ohject is firuncl, with colours suggestive of being at high rcdshift, its

distance lnily n()t c:rsilv bc asccrtirinetl. The cl-raracteristic strong lines of
hydrogen hecone rc.lshiftcd bcyor-rtl the visible into the infrilrccl, where

thel are hirr.lcr to rletect. Furthennore, the ultraviolct light th:rt we see

CfA galaxy survey
beg i ns

Ripples in cosmic
microwave background
detected by COBE satellite

Square Kilometre
Array may be
o perationa I
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redshifted into the visible wavelength range is almost completely '.rbsorbcc'l

if there is much hydrogen in front of the source. Even so, ilstronomers think
they might have seen a handful of quasars lying on the edge of the
reionization epoch, where this absorption is patchy.

In the next ,-lecade, astronomers hope to find many more dark trge objects.
Hvdrogen gas :rlso absorbs radio waves at characteristic wavelengths - a key
w:rvelength for a spectral line is 21 crn, which is then redshiftecl to longer
wavelengths according to the object's distance. A new radio telescope that
will be built hopes to be :rble to open up this new Lrw-frequency view of the
distar-rt universc. A mirjor intern:rtion:rl project, the Sqr,rare Kilometre Array
r.r'ill comprise many srnall radio antennae scattered over an area of one

square kilornetre. lt rvil1 have unprecedented sensitivity, i'rnd be porverful
enough t() mal out neutral hyclrogen gas structllres in the distant universe
to locate the first galaxies.

Surveys Hundreds of distant galaxies have been founcl by their
characteristic red cokrurs. Certain types of galaxies stand out more than
others - ellipticals and hydrogen-rich galaxies l'rave relatively u'eak hh-re and

ultrirviolet light, which results in a'step' in the ir brightness when
photographecl in a series of adjacent cokrur filters. Clalaxies with very
pronounced hreaks (rlue to hydrogen absorption) are callecl Lyman-bre:rk
galaxies. At krwer redshifts, giant galaxy surveys such as the Sban Digit:rl Sky

Sun'ey have now rnapped out much of the proxirnate universe. We thus have
a pretty good 'u'iew of the recenf half of the universe, a sketchier knou'leclge :rt

high redshifts, a gap in knowledge for the dark age :rnil then :r snapshot of the
young universe through the cosmic microwave backgrouncl radiatior-r.

B(acK ho(a b"dga-f
The role of supermassive black holes in

galaxy evolution is a major outstanding
puzzle. Astronomers think that most
sizeable galaxies harbour black holes,

whose mass scales with the size of the
galaxy bulge. But black holes are affected

by collisions * infalling gas may cause

fierce radiation and outflows in the heart of

a galaxy; and collisions may kick out black

holes rather than slow them enough to
coalesce. So the black hole budget still
needs to be worked out.
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From this infonnation, astronorners are trying to piece together

the story of how galaxies and large-scale structures fcrrm. Using
superc()mputers, they irre br-rilding vast codes to grow galaxies

frorn the first gr:rvitating seeds. The ingredients put in include
gas and various types of dark matter, constrained by the initial
density fluctuirtions detected in the cosmic microwave
background and the clustering ofgalaxies seen nearby.

in a sftahfc
envirummomfr.$
Mary Douglas

Hierarchical models The cr-rrrent favourite rnodel suggests that srnall
galaxies fonned first, antl collided and merged over tilne to produce larger

galaxies. This is callcd the hierarchical model. Each galaxy today has a

family tree of many srnalle r gal:rxies that were swept up within it. Calaxy
collisions c:rn bc furious and could easily disrupt a galaxy and change its

character. Two spirals could crash into each other to leave behind a mess

that settles down into an clliptical. That elliptical rnight then steal a disc

from a gas-rich neighbour 2rt a lilter date. Many types of galirxics cirn restrlt

through simple rules of engagement. On average, though, the sizes of
galaxies increase in this model.

Galaxies are not just nlade of stars and gas - they have dark matter too,

spread out or,er :r sphcric:rl 'h:rlo'. The nature of the dark matter affects how
galaxies collide and cluster. To match the galaxies we see today, the
simulations suggest that dark matter shouldn't be too energetic: siow-
moving 'cold dark matter' is preferred over fast-moving 'hot' equivalents,
u'hich would prevent galaxies from sticking together. Another ingredient is

dark energy - a force that works against gravity on large scales. The best

results are seen for models that use cold dark lnatter and that also include a

modest degree of dark encrgy.

l1l

*kxm ffiffixl.flfiffixxffiffi# fq$ffiffiR,
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Gravitational
lensing

Gravitational lensing occurs when massive objects focus light
from background sources. Referred to as naturets telescopes,
gravitational lenses ampli$ quasars, galaxies and stars lyttg
behind them, producing multiple images, arcs and occasional
rings. Lensing is a powerful tool for astronomy, because it can
be used to trace dark material across the universe, including
searches for dark matter.

Alhcrt Einste in rellizecl when he develope,-l his theory..rf gcncrirl rcl:rtivity
that rn:rssivc ohjccts clistort spacetirne. As a consequence, rays of light
passir-rg ncar thcnr travel nlong curved trajectories rilther thun striright 1ir-res.

Thc resulting bentling of ligl-rt rays minrics thc action t,f :r lcns and so is

crrllc.l grrrvit,rti( )n:ll l('n5ing.

L)uling :r full solar cclipsc obserr.'e.l irr 1919, pl'rysicist Arthul E.l.lingttxr
c,rnflrmcrl Einstcin's prcrlicti()n that rays of light bentl ar,rtrn.l lrursscs.

Obsen'ir-rg :,1 star ncirr thc sol:rr lirrih, Eri.lington sirw that its position wirs

slightly shiftccl whcn closc to the Strn. If r.ve imagine spacetirne as :r nrhl.cr
shcct, witl-r the weighty Sun fbrrning a depression in it, then light nys frorn
a.list:l-rt stirr curve aroun.l as t1-re1' l:rss closc hy, much as a billiarcl l,all
r,v..rtrl,-l r,rll :rnrund :r dip i1-1 a t:'rblctop. Whcn the starlight then irrrives ;rt our
eyc, aftcr its path bcing tliverted by the Sun, it seerns to be corning firrrn a
slightly .lificrcnt dircction.

Einsteir-r prescntcd a thcory of sr:rvit:rtionirl lensing in 1936. A yeirr latcr
r,rstronorncr Fritz Zrvicky postul:rtet1 that giant girluxy clustcrs coultl act :rs

Eddington confirms relativity
with solar eclipse observation

Einstein's relativity theory
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(Uvery body continues in its state of rest or
unifom motion in a straight line, exeept

insofar as it doesn't.?
Srtfirur $d$illstsll

lcnscs, the ir irnrncnsc gravity tilstortir-rg galaxies rrr-i.1 cpasars behincl tl'rem

Br-rt thc effect wrrs not tliscovered until 1 979, rvhen a clorrble Llras:rr wrs
spottecl tu'o acljacent quasars with icler-rtical sl.ectra.

Multiplying images Multiple inrages of a single background qtrasiir

can be pro.lucetl hy a mirssive galaxy lying between us an.l the qu:rs:rr. Thc
intervening girlaxy's rlass bends the .1tr:rsar light as it pirsscs it, chiinnclling
the rays ir-rto p:lths aroun.l it. In gcncrrrl, such get,metries pro.luce oclcl

nurnhcrs of irnagcs in thc .loul-,le quilsar exalrlple above, for instancc, ir

fainter thirtl image shoulrl also be visihle. The lensed imirges of thc tluirsar

:rre also iun1.,lrfie,-1. The bending of the rays reclrrects light forrvards lirln a1l

dircctions, frorri tl-rc sitles of the .luasar as rvell as the front, frn'rnelling it
torv:rrcls us. So irn:rges of gravitationally lense.l olrjects c-.irn be rntrch hrightcr
thirn tl"re original.

A cluster's gravity stretches background galaxies into arcs

Einstein and Zwicky
gravitational lensing

Microlensing project finds MACHOs
towards Magellanic clouds
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Actual 0uasar Light

lmage [ight
Lenses don't usually line up exacrly
bctween us and a distant quasar; such :rn
arriingement results in multiple images
:rs shorvn in the diagrarn. Bur if the
b:rckground object is exacrly a1igne.1

behin.l the lens, then its light hccones
sneared out evenly into a circle, called
an Einstein ring. lf the lens is l.rositioned
a little w:ry a\\ray, then the ring bretrks
up into arcs and rnultiple spots.

A further property of lensecl images is

th:rt their light rays take slightly
tliffe rcnt tilnes t() rravel to us, because they fcrllow diffcrcnt pirths. If the
birckgrounci qr:asirr flares Lrp briefly in brightncss, then the image rvith thc
Iongest path will expericnce a slight delay in flaring. Such dclays, if the
ge()netry of the lensing system is known, cirn be used ttt work or-rt the
Hubble c()nsti:urt, the r:rte of expansion of the universe.

If the hackground object is ir galaxy, which is extendecl ancl nor a point
sr'rurcc such as il qllasilr, then cach part of tl-re galirxl, is lcnse.d. Tl-re galaxy
then :rppcars srne:rred out and brightened. Because clist:rnt g:rlaxies are
tvpically very faint, gravitationirl lensing can be a powerful tool to revcirl
the early universe. C:rlaxies amplified by massive chrsters :rre especi:rl1y
interesting. Such clusters are freguently :rccompanied by bright arcs, eacl-r

or-re signifying a birckground g:rlaxy smetrred out by the cluster's rnass.

Astronorncrs can use thc geornetry of these arcs to ascertain the rnass of the
cluster, ar-rc1 they cirn also look at the charircteristics of the distant galaxies,
n'l-rich are arnplificcl and stretched.

Weak lensing Multiple im:rges, arcs and rings result when the lens's
mnss is concentrared and its gr:rr.itational effect is high - ln the strong
lensing regirne. But weaker forrns of lensing can be detected due to mirss
thirt is nrore spreatl out and tlistributecl thror-rgh space. Aroun.l the e.-lgcs of
clusters, irr cxample, g:rlaxies tend to be stretched out a little. Because :rny
ir-rtlivici.al galaxy l,xrks elliptical in shirpe, it is clifficult to say if ir farric.lar
galaxy is distorted or if it normally looks like that. Bur on irverirge, patterns
can hc cliscerned. Galaxies are slightly elongatecl due to lensing :rlong the

-Q,
lmage ol
0uasar

0uasar

E

lmage ol
0uasar

Massive Galaxy
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t:rngent of :l circle, or contour, that encloses the mass. So ftrr a circttlirr

cluster, girlaxics statistically :rre stretchecl ()Lrt so that they tend to ftrrtn

rings :rrouncl it.

Sirnilarl,v, a backgrour-rd fiel.l of gal:rxies rnay bc stretched and distortecl

by more wicle ly clistrihuted mirtter lying in front of it. The view of tl're
distant universe then appears as if it is sccn thrr)ugh an olcl glass rvintlow

of unevcn thickness, rirther than thror-rgh a cleiln lcns. Astronomcrs
have cle tecte,,l sucl-r weak lensing pattcrns in cieep im:rges of the sky by

looking for correlirtior-rs in the ortentation of elliptical galaxies. Assr.rtning

these correlations ilrc clue to lensing, they can work otrt the distrrbution o{

matter in the foreground. In this wlly tl1ey are trying ttt cttnstrain the

Jistrihrrtr,,n,'f .l,rrk ntiltt(r in \lltce.

Microlensing Anothcr fonn is rnicroleusing. This htrppens whcn srnirll-

scale objccts l-rirss in frtxrt of a hackgrountl sotlrce, or rvhen the lensing rnass

is quitc close to thc background objcct, so that it intercepts its light only
partialh'. Such tr techni.lue has been rtsecl tt, look ftl'Jupiter-si:ecl cllrk

matter canrli.lirtes known irs Massive Compact Halo Objects, or MACHOs'
ln the 1990s, astr()n()[Iers r.l'atchecl rnillions of st:lrs tor'r'arcis thc Claltrctic

Centre and thc L:rrge and Srnall Magellanic Cktutls, tracking their
brightness each night for scveral years. Thty sotrght stars tl-iirt sutlclenly

brightenecl :rn.1 then qtrickly f:rclecl in a ch:rracteristic r'vay, dtre to the

arnplificati,rn of a foregnruucl tnirss. A te:lm observing in Austrirlia ftrtrntl

tens of these cvents, which they attributed tit t'lead stars ()r r()gtte g2rs planets

of :rbout Jupiter's tnass. Most were seen tow:rrcls the Galactic Centre , rather

than the Magellanic Clourls, suggesting thilt nore of these planetary-sizetl

objects l:ry ivitl-rin our girlaxy tl-ran in the Milky W:ry's or.rter regions. SLr the

contribr:tion of sr-rch MACHOs to the Milkv \firy's clark lnittter buclget r'vlts

small. C)ther tlark matter c:indidates are still sought.

doing we
don't know
what.'
Srthur- fddinst*n

&&x* mf,3nk##xkffiffi#" $ffimru-
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Stellar
classifications

The colours of stars tell us about their temperature and
chemistry, which is ultimately linked to their mass. In the
early twentieth centuryo astronomers placed the stars in
classes according to their hues and spectra, finding patterns
that hinted at underlying physics. The classification of stars
was an achievement of a notable group of female astronomers
who worked at Harvard in the 1920s.

If 1'o,' 1,,,,U cl,rsc-ly, you can sec that stilrs c()lne in uranl' .liii'ercnt cokrurs-

Jtrst irs thc Srrn is t'elk,'"v, Bctelgeuse is retl, Arctunrs is alstr yell,rrv an.l \/cga
is bhrc-u hitc. A clLrster of stars in thc s,rutl're ln hemisl.l-rerc \\'rls nrullcLl the

Jen'el Box l.v astronorrter John llcrsche l hecuLrsc thc1, glittcrecl likc 'ir casket

of vlrrioLrsly colourecl prccious st()ncs' through his telcscol.e.

What do the colours tell us? Tcnrl.,c.ratrrre is tl're main c:urse ()f the
lrtrcs. Thc hrrttcst srirrs afpcar bhre, lrr-r.l thcir surfirces can reach
temfcratLlres of 40,000 K; thc coolest stirrs glos' rc.l an.l lre trnly a {r'rv

th,rusan.l kclvirrs. ln bctwcen, for progressivel-v cooler rltrn()spheres, a stirr's

c..rlor,rr trcn.ls froln il'hite to ycllou, to ()rtlngc.

This col,rr-u sequelrce rnirrors thc black botl1, 11.1i;111,,n given off by boclies

that ,rrc re:rtl1'en'ritters iinrl illrs()rl)ers of l'reat. Frorn rnolten stcel t,r blrbectre
coals, the plqdlrrnirrant col,rtrr rvirl'r s'hich thel, gltxr, - thc pcuk fre.1renc1,

of ek'ctrrrrnagne tic u'rrves crnittetl scalrs u'ith telnperature. St:rrs trrr cmit
in a narron'range of frcquer-icies ab()ut such a pe:rk, irltl'roLrgh tlieir
tclnpcrriltrlrcs rniry vastly cxccccl thosc of co:rls.

Pickering hires Harvard
women to n]ap stars
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Tha Harvard, corurpu-lars
The Harvard astronomers who did this were
an unusual group for the time.The
observatory's leader, Edward Pickering, hired
many women to perform the repetitive but
skilled tasks that were required to survey
hundreds of stars, from making painstaking
measurements off photographic plates to
performing numerical analyses. Pickering
chose women because they were reliable and

Stellar spectra Ir-r thc late lgth century, ilstr()n()llers kxrkccl morc
closclv at starlight, splirting it into its rair-rbow c()nstiruclrts. Just :rs the
spcctnlln of sLn'rlight shou's g:rps at p:rrticultrr u'avelengtl-is cullcd
Fraunh,rfcr lines thc spectra of stirrs are stripctl by dark lir-res rvl-rere thcir
light is absorbc.l by chcnicnl e lcments in the hot gases thar envekrp thern.
The c..ler outcr luvers lhs.rl. ligl-rt pr,r.lucccl by thc l-urtter interi.r.

Hytlrogen is the rnost c()nlln()n elerncnt in stars, and so tl-re sigrnture
llbsorptior-r lines of l'rytlrogcn ilre rn()st c:lsilv visible in tl-reir spectra. The
wavek'ngths tl'rut arc ul.sorberl reflect the ellcrgy lcvcls of thc h),.lr,.,gen
:ttont. Thcse fretlrteucies rlclivcr 1-rlrotons u'ith tl're right arnount of encruy ttr
allxr, thc tttour's outcl'e lectron ttr jrrrnp up fi'om ()ne nulg to anothcr.
Recausc tl're cncrgl' le'cls il'e spaccd .ut like frcts .n a guitlrr, heirrg clrser
Iogethcr ut high frcclrrencics, thc lbsoryrtion lines that resLrlt - correspon.lir-rg
to the tliflcrenccs l.cfir'eerr the flets - frrnn l charrrcteristic scllllcncc.

For exatnple, an clcctr,rr-r ir-r the flrst clrergy lcvel nray al.sorlr a l.hoton thut
allol,s it to jurnp up to tl-rc scc,.,n.l lcve-l; ,rr tl-rc. elcctror-r rrur)' a1,s,rrb a little
rn()re cncrg)r ar-rt1 gct to thc tl-rircl, ()r evcrr nrrrre ur-r,-l rcach thc fourth 1cr.cl.

cheaper to employ than men. Several of
these 'Harvard calculators' went on to
become well-known astronomers in their
own right, including Annie Jump Cannon,
who published the OBAFGKM classification
scheme in 1901, and Cecilia Payne

Gaposchkin, who established that
temperature was the underlying reason for
the sequence of classes in 191 2.

0BAFGKI\,1 stellar classes published Red giants and red dwarfs identified Temperature -colour link identified



154

and so on. Each of these stcl.rs

Jicrirtc: tht freqttcttcl ,,f ;tn

absorption line. A similar
pilttern, shifted to slightly
higher encrgies, results tirr

O @ @ s o electronsirlre:rdyinthe

A F G K M sccontller.'el; anotl-rerresrrlts
frrr those in thc third. For the
h1.lr, tgett itt( rtn, .tlLh scries r tl'

lines :rrc rrirniecl after famous physicists - thc highest-energy one, itppeiulng
in the ultrirviolet, is callc.l the Lytnirn series, :,lnd the lines in it :rre knolrrr
as Lvrnan-:rlpha, Lyrnan-bctlL, Lyt-nan-girmma and so on. The ncxt series,

affcirring in the visiblc pnrt of the spectrum, is the Bahner scries, u'hose

prinrary lrnes ilre known (urore cotntnonly) as H-alpha, H-beta :'Lncl so ott.

The strength of each of tl-rcsc hyclrogen lines clepends on the tclnpt: ratrtre rrl

the gas th:rt irbsorhs them. So by rneasr-rring the rel:rtive strengths of the

lines, ustronorners cirn estirulrtc its tenrpcrrrturc. L)ther chemic:rl eletnents

in the star's .trter layers absorb 1ight, ancl the strength of their lines uray

also intlictrte temlg1211ll1g. Cool stars rn:ry have strnng irbsorption lines fron-i

l-rcavier elernents sr-rcir :rs cnrbon, calcluln, sodiurn rrnd iron. Stttnetitnes

thcy even sh()\\'signrltures,rf molccules: ir comm()ll one is titanium tlioxide
rvhich is thc s:rrne chernical th:rt we use in sunhlock creaur. Heln y

elcnrents - rvhich astr()nr)lners rcfcr to collectivelv as 'tnetals' - tcutl ttr
nurke the stirrs rc.-lcler.

t\n 'I I

l"\Oqnr luc\es..J

o
B

ln astronomy, the brightness of
stars is measured on a

logarithmic scale because they
span such a great range.The

bright starVega is deemed to
have a magnitude of 0; the

brightest star Sirius has a

magnitude of -1.5; and fainter
stars have increasing

magnitudes of 1,2 and so on.

The multiplicative factor is

about 2.5. lf distances are

known, then a star's 'absolute

magnitude' can be worked out,

which is its brightness at a fixed
distance, usually 10 parsecs

(3.26 light years).
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Classification Just :rs natur:rlists identifiecl species

as a means to unrlcrstnnd evolution, astronomers have
classified stars :rccordir-rg to the chirracteristics of their
light. Initially, stars wcre categttrised by the strengths of
','arious al.sorTrtion lincs, btrt a more holistic approach r.vas

.'1evelrpetl :rt Hilrvard College C)bsen'atory in the US in
the late 19th an.l early 20th century.

The Han'arcl schene, still uscd toclay, grades stars on the
basis of their ternperaturc. From the hottest, approaching

40,000 "K, to cool ones of 2,000 "K, stirrs are pltrcetl into
classes narned with the lettcrs OBAFGKM. C)-stars are

hot and bluc; M-stars nre cool :rnd red. The Sun is a G-type stur, u'ith
surface ternpernture arouncl 6,000 "K. This apparently random series of
letters arose ftrr historical reasons, frorn piccrng together previous spectral
classes that u'ere namecl either for types of stirrs or alphaheticallv.
Astrcnorners otten rcmember it using mnernonics, the best knou'n beiug
'oh he a fine girl/guy kiss me'. The scherne has since been rnore fincly
tlefined using nunlhers on a 0-10 scirle for sub-cltrsses in betr.veen; so a B5

star is halfrv:r,v bctwcen B ancl A; the Sun is a C)Z-type star.

Although lnost stirrs fall into the OBAFGKM categtlries, sor.ne rfun't. ln
1906, the Danish astronoffrcr Ejnar Hcrtzsprung noticetl that the redclest

stirrs had extrene fonns: re.l giants, such as Bete lgeuse, are hrighter than ancl

have radir hur-rclrecls of tirnes that of thc Sun; retl .lu'arfs are rnuch srnaller

:rnd ftrinter thar.r the Sun. Other types of st:,Lrs follorve.l, incl-rtling hot u'hite
c|varfs, cool lithitrn st:rrs, c:rrbon sttrrs irntl brorvn clr'"'irrfs. Also identifiecl
r,,'ere hot hl-rc stars u'ith ernission lirres and Wolt-Rayet stirrs, which are hot
stars',r'ith str()ng outfl()$'s that sl'rou' r-rp in broaclened ahsorption lincs. The
zoo of stellar types suggests that tl-rere are l:rws that rnight cxplirin stars an.l
the ir characteristics. Astnrnomers hilve hatl to rv,rrk out h()w they evolve
horv the,v chrrnge frorn one type into another irs thcy hrlrn.

{*n attempt to
studil the evolution
of living organi$ns
wit'Irout referenoc to
cyblory would be as
futile :ls a.rr :rccorurt
of stellar evolution
which ie'Tored
spectro5eopy.!
J.fi.S. Haldcnc*

t$Aqiy f,$#s kfl.$.ffiHxffiffiM $.*Hm*a$,
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Stellar evolution
Stars live for millions to trillions of years. Correlations
between their colours and brightness suggest that they follow
similar evolutionary paths, dictated by their mass. fneir
characteristics are due to nuclear fusion reactions going on in
their hearts. All the elements around us, includingitrose in our
bodies, are the product of stars. We really are made of stardust.

Stars'colours broaclly inclicate thcir terlperature, such that blue stars are
hot antl retl st:u's cool. Br-rt thc typical brightncss of stirrs also varies rvith
c.krur. i{rt blLrc stirrs tcnci to hc brightcl than c..l recl ,'res. l)irnisl'r
lustr()n()rncr Ejnar Hertzsprtrng in 1905 ancl Amcrican astron()mer Henry
N.rris Russell i' 19ll intlepe.dc.tlv n()red si.rilar trenrls betwecn the
brigl-rtr-rcss antl col,rurs of stirrs. Both irstronorrrers are nou'recognized in tl-rc
natne of it cliagrau thirt plots stars'lumirrosities against thcir colours: tl-re
Hcrr.sprLu-rg-Russcll rliagram (or HR cliagrirrn for sh,rrt).

HR diagram C)n tl're HR cliagrarn, 90 per cent of srrrrs, irrcluclir-rg our
Strn, lic on a .liirgonal stril-re that runs fronr brigl'rt hot blue stilrs t() faintcr
ct,ol rccl oncs. This bar-rcl rs kn.*'n ns the rrurin seqllencc, antl sturs that irll
along it ils nt:rin scquence st:trs. Besidcs the rnilin scquence, othcr groups of
strlrs ilre also cviclent on the HR diirgr:un. Thcse incltrtlc a brirnch of rctl
giirr-rts - rccl stars of sirnilirr cttkrurs but a range of hrightncss - irntl a
poprl[il1i,lr-t of rvhite drvrrrfs - hot but ftrint stars as rvell ils u sel]nr2lte
hra.ch .f Cepl'reid r.ariablc stars, rvith ir r:rnge .f c.l.'rs but si'rilirr
brightr-ress. Such putter's hinted that stars rnust [.,e h.rn ...1 cr..l'e in
consistent u':tys. But it rvns not until tl're 1930s that astr()r-iolncrs unrlcrstgotl
lvl-ry stars shine.

Hertzsprung and Russell
publish trends of star
colours and briqhtness
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(f asfr you to look both wa,ys. F'or ttre road
to a knowledge of the stars leads through
the atom; and inportant knowledge of the
atom has been reached through the stars.F

Sip Snthur fd$in$tsn

Fusion Stars, inclucling thc Sun, burn through nr:cle:rr firsion - the
rnerging togcther of light atornic nuclei to foln-r heavier ones, :,rncl energy.
\Vhen pressc.l togetl-rer harrl cnouglr, hyclrogcn nrrclei can rncrgc t() protluce'
heliurn, giving off a grellt clcal of energy in thc pr()cess. Gr:rdualll', by
building r-rp hcavier and hcirr.ier nrrclei through il series t-,f fr-rsi,n rcircti()ns,
virtually irll the clcrnents that rvc see arounrl r-rs can he cretrtetl fr()m sLrratch

in stars.

Fusing togethcr cven the ligl-rtcst nrrclei, strch :rs hydrogen, t:rkcs cnormous
temperirtures lntl pressures. For two nr:clei to rncrgc, the firrces th:lt l-rolcl

each one togethcr rrtrst he ()\'ercorne. Nuclei arc macle up of protons anr.1

neutr()ns lockc.l together l.,y thc strong nuclcar frrrce. Tl-ris frrrcc, u4-ricl-r
()perates only rrt the tiny scale,rf thc nucleus, is thc glue thnt ovcrporvers the
electric reprrlsior-r of positively cl-r:rrgcd fr()t()ns. Becausc the stror-rg nuclcur
force acts or-rly at close rangc, srnall r-itrclci nre held togcthcr nlore rigitlly
than largc ones. Tl-re net ctfcct is that the cllcrgy neecle.l to bir-rcl the nucleus
together, avcr:rged per nuclcor-r, increases rvitl-r iltornic weight up to the
elenents r-rickel antl iron, rvhrch are very stal.le, nnd then.L'ops ofTagair-r lirr
larger nuclci. Large nuclci are lr()re easily tlisrtrpterl hy :r minor kn,rc-.k.

The fr-rsion ellcrg,v hirrrier to he ovcrcome is least frrr hydrogen isotopcs,
which contair-r a singlc lr()t()n. The simplest fusion reactior-r is the
cotnbiuation ,rf h1'clrogcn (onc p11y11111) :rntl tlcrrteriuln (trnc frotolt plus onc
neutr()n) to firnn tritiurn (()nc pl'oton plus two neutr()ns) plus a l,lre
nelltr()n. Yet scorching tcmpct'iltures of 800 million kelvins:ue neecle.l to
l!llll( r'\'( ll tl)1. rc,lcliilIl.

Arthur Eddington proposes
that stars shine by fusion

Hans Bethe works out
physics of hydrogen fusion

Stellar nucleosynthesis
published bv 82FH.
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Stardust German physicist Hans
Bethe described in 1939 how srars shine
by converting hydrogen nuclei (protons)
into helium nuclei (two protons and twcr

neutrons). Additional parricles
(positrons and ncutrinos) :rre involved in
the transfer, so that two of the original
protons are turned intrt neutrons in the
process. The building of heavier
elements then occurs in steps by fusion
cookery, in recipes ex1.r1s55sl in 1957 in
an important scientific p:rper (knorvn as

82FH) by Geoffrcy Burbiclge, Margaret
Burbidge, Williarn Fowler ancl Frecl

Hoyle.

Larger nuclei are constnlcted thrt,r-rgh
fr-rsing first hydrogen, then helium, thcn
other elements lighter rhan iron, and in
some circumstances, elements heavier

than iron. Stars like the Sun shine beciruse they are mosrly fusing hydrogen
into heliurn, and this proceecls slowly enough that heavy elcments arc made
in only small quantities. In bigger srars rhis reacrion is sped up by the
involvement of the elements carbon, nitrogen and oxygen in firrther
rcactions. So more heavy elements are made more quickly. C)nce heliurn is

present, carbon can be made frorn it (three helium-4 atorns fuse, r'iir
unstable beryllium-8). Once some carbon is made, it can conihine with
heliurn t. make oxygen, ne.n and magnesiur'. These skrw transformati.ns
take place ()\'er most of the life of the star.

The char:rcteristrcs ttf a star art: further governed by its structure. Stars must
balance three fcrrces: their crushing rveight, dr-re to their olvn gravity; the
intern:rl prcssure of gas and radiirtion th:rt keeps them pufferl up; ancl thc

(fnfo are bits of stollar matter thet sot eold
by aooidant, hitc off a star gon6 wionE.!
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bon'-t- panic
Even if the nuclear reactions in the centre of the Sun switched off i
today, it would take a million years for the photons produced to I
reach its surface. So we wouldn't notice what had happened for I
some time. Even so, there is much historic evidence that the Sun's I

power remains quite constant 
- 

ir

,l
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means by uhich herrr is tr:rnsported through their gas layers. The first two
factors control thc structure of the star, which is a series of onion-like layers

whose density .lecreases ll'ith distance frorn the centre. Fusion reactions
occur deep in the star's interir.rr, where the pressure is grcatest. The heat
produced then has to travci through the st:rr to escape at its surface. Heat
can be transpr)rted in two ways: :rs radiation, as ftrr sunlight; or through flr.rid

motions of convectiorr, as in boiling water.

Lifetimes The lifetimc of a main sequence star is determined by the
fusion reaction rates within it irnd its mass. Reactrt'n rates are vcr)'sensitive
to the temperature and clensities at the star's heart, typically requiring
temperatures in excess of 10 million degrees and clensities greater than
10,000 grarns per cr.rbic centimetre. M:rssive stars have hotter and denser

cores and exhaust their power n-iore quickly th:rn low-mass stars. A Sun-like
star lives on the main sequence for about 1O billion years; a star l0 times
more massive will be thousands of times as hright, hut rvill only last for Z0

million years; a star one tenth of the Sun's lnass may be thousands of times
more fainr, but will last about 1,000 billion years. Because this is longer

than the current age ofthe universe (13.7 billion years), u'e havc yet to see

the smallest stars clie.

I
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Stellar births
Stars are born when clumps of gas scrunch down into a tight
ball due to gravity. A" it collapses, the pressure and
temperature of the gas increases until it is high enough to
support the star and prevent it from collapsing further. If the
mass of the gas ball is high enough, the pressures at the
centre become sufficient to ignite fusion reactions and the
star turns on.

Most stars iortn insicle giant ur()lcculur clouds, rcscrvoirs,rf densc gas rr'irl'rilr
galirxies. The Milky Wav has nbout 6,000 rn,rlecular clouds, nccounring firr
ar()LlnLl hah ,rf its t()tal girs milss. Nc:rrby examples inclr-rtlc the ()rion
ne[.ula, sorre 1,]00 ligl-rt years ( 1.2x 1016 km) awa_v, :rnLl thc Rho t)phiLrchi
ckru.l conrplex, 400 light years irwir1,. Suclr regions rnay be hun.lreds ..rf ligl'rt
years ilcr()ss irtrd contirin cnough gas to l.uilcl nrillions of sur-rs. They contrrin
a tier-rsitv of gas 100 tiurcs tl-r:rt filrnrl typic:rlly in interstcllrrr sp,uce,',vherc
()ne at()rn per cr-rbic centirnetrc or less is the norm.

Thc gas composition of interstcllar space is 70 pcr ccnt l-r1'tlrogcn, thc rest
hcliLrrn, r'ith it slnilttering of hctvier elerlents. Thc Jense clourls rniry bc
coltl cnorrgl-r to hirrlroLrr hyclrogcn gas rnolecules (I-i,), as rvcll ls lrt,xrs.
Oitcn jtrst ir few dcgrees irbove ahsoh,rte zer.r, urolccular cl,rrr.ls inclu.le sorne

trf thc coldcst sp()ts in thc rrniverse. Thc Boomerang ncl,r-rla, for exlrriplc,
has a tetlpct':rtrrre' of jr.rst onc kelvirr irbovc ubsolrrte :ero, u,hich is lor',,er

tl-rur the anrbicnt I K cosnric rnicrolvar,c l.ackgr,rrrn.l radiation.

Proto-stars Stiu's ure sectlctl ir-r places '"vitl-rin the cloutls l'l-rcrc tl'rc sas
tlensity bcc()nlcs grcater thrrn:n'crage. AlthoLrgh it is not untlcrsttxrtl u'hv
tl-ris l'rir1.pgr15, it mly occur sinr|ly.:11," t() turlrulcltce or rvhcn thc clotrd is

William Herschel observes
bi na ry sta rs

James Jeans publishes
theory of self-gravitating
sphe re
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(fU" fight which puts out our eyec is
darkness to ur. Onfy that day da,urns to

whioh ure are awake.-Ttrere is-more da,v to
daurn. The Sun is but a morning starl?

llenry 0nviff Thnrsuu

disturhed by a blast from :r nearby supen-i()\/ir. Magnetic fiel.ls rniry :r1so play
a nrle in see.ling g:rs clun4rs.

Once a sizeirhle ch-unp i5 firmrecl, gravity kicks in antl pulls it together
further. As the gas ball c()nccntrJtcsr its pressuru rises and it also helrts u1-r;

gravitational energy is thcn rcleirsed, as when :r l.irll accelerates iis it rolls
dou'nhill. Both firrces - hetrt and presslrl'c - counteract t1-re pull of grrvity,
and try to halt the spl'rcre's collapse by ptrffing it rp. The critictrl r.nuss rhirr
defines the h:rlancc bctwccrr these two sets of forccs is callecl theJe:rns ur:rss,

after physicist Jarnes Jcans. Olumps that exceed it continue to cle'u'elop;

tht'>r that Jtrtt't ri ill ntrt.

The gravitaf i|rg region lnil)' rlttrirct m()rc nrlrtcnrll irorn its surrouncii|rgs,
rvhich falls on to it, allorvirrg it to collapsc even more. As the clump

.r' Jbtnor!\ s Iars
Binaries may be identified in

various ways - visually, by

tracking them through a

telescope; spectroscopically, by

seeing Doppler shifts in lines

indicating that they orbit one

another; by eclipsing, where one

star dims the other as it moves in

front; and astrometrically, where

a star is found to wobble slightly,
indicating the presence of a

companion. William Herschel in

the 1780s was one of the first to
observe binary pairs of stars,
publishing a catalogue of
hundreds of them.

Discs identified around forming stars in
0rion nebula with Hubble SpaceTelescope
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(One must still ha.ve ohaos in onosalf to be
able to give birth to a dancing s a,r.!

Fl'ie$piclr f{ietrsche

shrinks, it l'reats up uncl starts to gkr'"r'. Whcn its teurpe r:rture reirches irhtrut
2,0Lr0 K, rt is .,r'irnn enough to hreirk apart hl,clrogcn molecules and ionize
atoms ir-r its host clou.l. Off'ererl tr ner.r'route to relcase its he:rt encrgy, the
star is irble to collirpse still further, :rnrl does so until it reaches thc point
wl'rere it is 1.1i.,1-tn".1 up l,nlu iry its own intern:rl prcssLrre. lt is tl-ren kn,rrvr-r irs

rl pr()t()-star.

Proto-stars continue t() gr()w by accreting rraterial. Thcl .lo so by lornir-rg a

flat rlisc, c:rlled a circr-rmstellar clisc, to f,-rnrrcl the naterial rxr ro them
cl1icientl1,. Or-rce the pr()r()-stirr eats up all the m:rtcrial in its immcrliate
surnrunclings, it stops grou'ing ancl contracts irgain. Eventr-rirlly it is compact
cnortgh t() trigger i'rt,lrogen fusion in its tlense core - it has becttrnc a star. For a

solur rlass star, this pr()cess takes 100,000 years. Oncc it is undergoing fr,rsion,

tl-rc star has ir tel'nperirturc itncl coktur that plirce it on the main scqLrence,
rvhcre it sits as it e','olves according t() thc pattems clictatecl by ph1'sics.

Fornring stars tire tlifficult to observe, hecrlrsc the1,21s iirint anrl buried.1ee1,
it't tuolecttial ckrr-r,-ls. Astronotners must lo()k irt infiarecl or longcr to ctrtch
the dust-obscr-rrecl glou'of proro-srals. Using the Huhble Space Telescopc,
cliscs havc been spied arotrnti lnnssive stars bcing frrnned within the Orion
r-rehulii; anrl other obscrvations with 10-uretrc-clilss telescopes have

Harsche( sPaca obsarva-lorg
The European Space Agency's Herschel
Space Observatory, launched in 2009, is
peering at forming stars and distant
galaxies at infrared wavelengths.
Hosting a large single mirror for a space
telescope (3.5m in diameter), it is
probing dust- obscured and cold objects

that are invisible to other telescopes.
Herschel is targeting the first galaxies,

clouds of gas and dust where new stars
are being born, discs out of which
planets may form, and comets. lt is
named after William Herschel, who
identified infrared light in 1800.
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sirnilarly rcvealcd discs ruounrl incliviclual y()u11g st:lrs,

confirming that such discs are comrrron. lt is an open
question, though, u'hether these discs go on to form
planets, such as our L)wn solar systern.

Binary stars k is also difficult to explain the, 
protosrar

formation of twin stirrs in bin:rry pairs, wherc both
orbit one another about their common centre of rnass.

About a third of the srirrs in the Milky 'Way are in
binarl, pirirs - this is too high ir rate to have resulted
from chance cilpture of roarning stars, an.1 irnplies
that there mllst be mechanisrns by which ckruhle stars

forrn. Clusters of st:Lrs rnight frrrm toge ther if they
condense frorn tr single clou.1, perhaps sirnultirneously
if it is hit hy a shock or disturbance that triggers a

mass seecling. ftrbr.rlence in the cloucl rnight he a

better expl:rn:rti()n f()r lone pairs or rnultiplcs formcd
close t,rgether; perhapts othcrs tcnrl to be krst frorn thc
syster-r-r if it is :rn unstahlc configuration or through collisions.

The process by rvhich rnirssive stars irre rnacle is another puzzle - tl-rey should
be nruch brighter than lou'-mass pr()to-sturs, so you woulcl expect thetn to
cease collapsing quickly so that thcy f:ril to ignite . But on the othcr hirntl,
thel' rnust be easily frrnnecl becausc we sce fr:lny of them, in particr-rl:rr in
places where star frrrtnrrtion is vigorous, such :rs in gillaxics iirlkrrving :r

collisi..rn. Perhaps they are cfficicnt in firnnclling m:rterial on to thcrnsclvcs
using :r disc ancl dispellir-rg energy throLrgl-r outil()ws :rnd jets.

A giver-r moleculilr clouri r-night proLluce stars u'ith ir rangc of diffcre nt
masses. Bccause each star evolves difi-erently, :rccor.ling to its rnirss, such :r

popul:rtion of stirrs u,ill look very different over tirne. For astronomers tryilrg
to unclerstancl hor.v galaxies firrrn trnd evolve, the st:rtistics of how stirrs tirrur
affect horv the cntire g:rlaxy ltxrks.

circumstellar
disk

1h$xw ffiffix.ft"q:&ffi K}.ffiffi}q:$' *q$m*,s,
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Stellar deaths
When stars exhaust their nuclear fuel, they burn out. The
balance between gravity and pressure that has kept them
supported for millions or billions of years is disrupted. As their
fusion engine falters, they swell and shed their outer layersl
the core crushes down into a compact husk, leaving behind a
neutron star, white dwarf or black hole. In some circumstances
the star is so destabilized that it explodes as a supernova.

Tl're rnajority of stars shine frrr most of their livcs by fusing hydrcger-r into
hcliurn nuclei. Whilst thcy do this, they take on a churacrerisric colour and
brightness that.1epen.1s on thcir nass. A Sun-like st:rr glor.vs yerllou'ancl sits

in t1-rc rniddle of the rntrin seqLlcnce, a correlirtetl relationship hetrveen
hrightness an,.l hue:rdo1.,tc.l h), tl-ie najority of st:rrs. St:rrs stay this way frrr
rnillions of years, brightcning and su'elling only:r littlc as they age.

EventLrally, though, tl-rey exhaust the ir corc supply of hytlrogcn. Countcr-
intuitively, it is thc tnost milssive stars th:rt rlo so first: 1-lrsting rnuch highcr
pressures ancl ternpcrattrrcs in their cores, thcy burn so brightly thirt the
nuclear rerrctions that strstain thern proccccl lrt a rapicl rate and they convert
their hvtlrogcn in rnillions of yeirrs. l-owcr-mnss stars, in contrirst, burn
much t-nore slou'ly an.l take hilli,rr"rs of ycars t() consulne tl-reir prirnary iircl.

Last stages Wl'ren the firsion faltcls irt the centre, the stnr's hcliLul-ricl-r
corc c()ntrilcts antl the star heats r:p ns gnrvitutional energy is releasecl. Thc
layers just ahovc thc core then start t() un,-lcrso hy.lr,rgen fusion thernselves,
and clurnp thc hcliurn they generate [rac-k into thc corc. Eventrrally, the core
l.ecornes so tlensc antl l-rot - reaclting 100 nrillion.lcgrecs - tl'rat it starts t()
l.urrr its hcliLrrn, tliggcring a lrright 'he lir-rm f-l:rsh' irs fusion switches on
agair-r. The helrunr nr.rclci cornbine t..r 1-,rotluce cnrbon-12 via one set of

Tycho's su pernova Kepler's supernova
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Tgcho's suparnovo
ln early November 1572, a new star appeared in the constellation of Cassiopeia in the northern
sky. Spied by Danish court astronomerTycho Brahe and many others, it was one of the most

important sightings in astronomy's history because it showed that the sky changed with time.
It also led to improvements in the accuracy by which positions of astronomical objects could

be measured.The remnant shell of the supernova was not detected until 1952, and the optical

counterpart in the 1960s. ln 2004, a companion star to the one that exploded was revealed.

reilctions, and also oxygcn-i6 vi:r irnother; this is the origin of much of the
carhon an.l ()xvgcn :trouud us. Stars like thc Sun cirn carry ()ll i.un-ring
heliurn firr ahout lO0 nrillion velrs.

Wl-ren heliun is exl'rarrsted, a sirnilar gear shift rnay ()ccurr so that tl-re stirr

burns the next elernent, curbtrn, in its core, ancl heliLrrn ancl hyrlrogen are

fusetl in successive higher shclls. But fusing ciirbon retluires even higher
temperatures ancl pressures. So orrly the lirrgest stars those exceedirrg eight
solirr rnasses are capa[',le of enteling this phirse, during whicl-r they lrectlle
very lurninous nntl bloirtecl. The most tn:rssive stars g() on to bum ()xygcr1,

silicon antl sr-rlphur and cr.cntually rencl-r ir,n.

For lightcr stiu's, less tl-r:rn right solrrr rn:rsses, tl-ic seclucncc f:lltcrs u*rcn thc
heliurn hrrrns otrt. As the c()rc c()ntrilcts, episodes of helium ar-r.l hl.drogcn
bumir-rg persist ir-r tl-rc la-vers :rbove, tenp,rrarilv ilelivering fucl into thc
interior of tl-ic star. Tl-re star gocs thr()Llgh a scrics of brigirt flashes as fusiou
switchcs on :rntl off. \7hile heliunr rs durnperl into tl're centre, the ()Lrter

layers hecoure ..listende,.l ancl ure bl,ru,n off. As the gas within them
expan.ls, rt ctxrls, irncl cannot ulrderg() firsion. So tl're star becorncs

enshroudetl ir-r tlifftrse c()c()()ns of gas. These hubhles are kn..rwr-r us planctarl
r-rehulae, [-,ecausc from a.listance their circular veils r'vere rnisraker-r tirr
plancts. Planetary rrel-,ulire .lon't last firr lone, horvever they clissipatc in
20,000 years or so. Sorne 1,500 ru'e kntxvn in otrr gal:rxy.

Tycho's supernova remnant
discovered

Bright supernova seen in
the Magellanic Clouds.

Supernovae used as distance
indicators to infer dark energy

I
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Earth

Core crush C)ncc these outer layers are shed, the core of
the star is left behind. Mostly carbon irn.l oxygen, as

evervthing else is burne.l or bltxvn ofT, the hot, clense core
quickly fa.les to a white .lwarf. Lacking outi,v:rrd racliarion
pressllre, the rnaterial within collapses ckrwn into ir very
c()mpact, tlensc sphere, ecltrivalent to the Sun's rnirss being
containccl within only 1.5 Earth-radii. The resultirrg density
of matcriill is a rnillion times that of wiltcr. W}rite dw:rrfs arc
supp()rted fnxn becorning black holes only hccause their
iitotns cannot be crusl-re.l - by cluanturtr elcctron l)ressrlre.
They rern:rin very hot, with :l surface telnpcrilture of
10,000 K. Their heat c:rnnot escape cluickly as rhey hirve tr

srnall surfirce arca, s() they survivc firr billions of ycars.

More m:rssivc st:rrs can comprcss further. If thc rcmnant
exceecls ir linrit of 1.4 tirnes thc Sun's rnass (:rftcr rhe outer
l:ryers are shetl), thcn the electron fressure is n()t cltoLlgh to
overcorne its glavity and the stilr collapses to fonn a neutr()n
star. This liniit of 1.4 soltrr rrasscs is cirlletl the Cl'randrasekhirr
limit, after the h-rdiar-r :rstroph),sicisr Srrbnrl'rrnanyan
Chirntlrrisckhar (1910-95). Neutron stars are confine.l to a

ra.lius of only 10 or so kilornctres, scp:rshing thc cntire urrrss ,rf
tl-re Surr, or scverill Sur"rs, into :r regittn the lcngth of Mirnh:rttan. They irre

so clense thirt a sugar-cubc-sized hlock woulcl weigh rnore than a huntlred
rnillion t()11nes. Ir-r the event tl-rat the gravity exceetls even this, strch:rs f,rr
tl-re largcst st:rrs, firrther c()mpirction Lrltin-iately prot'luccs a black hole.

Supernovae \fhcn vcrJ mirbsivc st:rrs - terl: of tin-res the sizc of the Sun

- clie, thcy rnay explocle as supem()vae. After burning hy.lrogen an.l hclium,
tn:lssive stttrs can go through a series of burning stirges, rvorking their wrry Lrp

through heavier elements to eventuirlly pro.luce iron. Thc nucleus of iron is

special bccausc it is the most stable nucleus :rcross the pcliociic table. So
rvhen tl-ris stirgc is reircherl, lusion cannot c()ntinue releasing energy hy
hLriltiing hertvicr clernents. Wl-rcn tl'ris is attcrnfrerd, energy is absorbecl
rirthcr thirn erlrttetl, antl tl're core of thc star irnplotlcs, fassing through tl're
electr,,n-supp()rted \\'hite tlu'arf stirgc to bcconte il lleutron star. Whcn the
outer layers fall towards this l-rarcl kernel, though, they rebound in a virsr
cxplosion of particles (neutrinos) and light.

White dwarl

o
Neutron star

o
Black hole

llt
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(Supernova e:rylosions that are invisible to us heea'use
of dust clouds may oceur in our galaxy as often as onoe

evcry 1O years, and neutrino burstq eould give us a
wa,y to study them.S

Jnhn [t" ffimf*snll, tggz

ln a mattcr of secon.ls, :r sLlpe rn()\'tl givcs otf ttttrn)' titnes mtrre ettergv than

the Sun will pro.lucc cluring its lifetimc. The supern..rvir is so brigl'rt tl-rat it
briefl,v oLrtsl-rines the rcst ..,f the stars in thc galaxy ir-r u'hich it sits,

remair-ring i'isible ftrr .lit\,. or rl'eeks bcfirrc iutling fiom sight.

Supcrnovae comc in tu'o u'rtit-t t1'1.cs, callecl \'1.c I ar-rtl T1pe Il. Massivc

stars callsc Type II sllpern()v:lc. Usually secn iu the rrrurs of spiraI girlaxics, at

an average r:rte of about ()ne e\/erv 25-50 ye:trs, they sh,ru' strong l-ry'tlrogeu

ernission lir-res ciuc to the shecldrng ..rf the ()trter gils laycrs. The last bright

one t() go off in our galaxy u.'as spottctl by Kepler in 1604. Type I

sllpernovae, hou,evcr, t'lo not sh,rw hyclrogen eurission lines ar-rtl ilrr: scett tt-t

both elliptical ar-rcl spiral galaxies. Tl-rcy trre thotrght to originate iu :t

ditTerent n'a)', in thcn'n.rnrrcleur cxflosiotrs in binary systelrlti tl-r:lt rcstrlt

u'hen a rvhitc .lr.varf is p115hc.1 or,er the 1 .4 solar tnnss Clhiln.irase kl-rrrr linit
hy a.cr,'tiliq tttlrterirrl lr()lll il: colllflllliilll.

\'pe i sLrpernt,r'ae havc an itnportant strl-,-clilss, kttor'vn ns T1'pe lir, rvhosc

brightness is predictahlc frorn iirllowitrg thcir explosion. Bv uronrtoring thc

\\,ay that thcy brighten :rn.l f:rile, tl'reir ir-rtrinsic brightness can be ir.rf'crrctl,

rnaking tl.renr Lrsefirl as distirnce intlicirtors (see p.54). Bcc:tuse they outshine

thc rest of tl'reir host galaxy, tl-icy can be trace.l iicross the ttnivcrsc ()tlt t() high

redshifts. Supcrnovae werc usc.l to estirhlisl-r thc presence of dark elterg\'.

As iron nuclei are rippccl :4rart irr tl-re deaths oitt'trttsivt strlrs, ln3n)

neutrons irrc pr,rdr.rcecl. Thcse can l.e usc.l ttt prodtrce ttthcr eletnents

heavier than irot-r, such us lcad, golcl irncl ttranitttn. So al1 thcse elements ,rn

Eartl'r origin:rtecl in supcrnovire. Apart trotn tnirn-ut:r.1c cletneuts, thc
perioclic table is.ir-rc ultimately fnrnr processes thrlt g() \)n ilr \tilrs.
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Pulsars
Pulsars are spinning neutron stars that send out beams of
radio waves. The compact and dense remnants of massive
stars, they rotate very fast, completing a revolution in
seconds. Their regular signals - originally suggested to be
Morse code from aliens - make them accurate clockso which
are important for testing general relativity and detecting
gravitational waves.

ln 1967, tu'o British radio iLstronorncrs picketl up u cosmic signal tl-rat tl-rey
coulchr't cxplain. Their ratlio telescopc rvas crude, yet it broke new
scientific ground: it cornpriscrl some 120 milcs of wire and 2,000 (letect()rs
stnlng ucross 1,000 wrxrden posts, like ir giant w:lsl'rir-rg linc, spread over firur
:rcrcs of a Canibritlgeshire field. When it sr:urcd scannrng thc sky in july,rt
th:rt year, its pcn-ll()tter spcu'cd out lO rnetrcs of chirrt cach clay. Phl)
stu.lcnt J,rcelyn Bcll, supen,isecl hy pl-rysicist Tixry l-lewish, scourc.l ifs
graphs to surrch lirr rluasars thitt wcrc tu'inkling tl-re to turbtrlence in our
iltm()sphcrc. \71-r:rt she fiu-urcl r,vas sornethiug clse.

Tivo rnonths into her obsen':rtior-rs, Bell s1-rottcrl a rough patcl-r in tl're dat:r.
]t was unlikc uny other ietrture ancl came fron-r one locr,rtion,x-r tl-re sky.
Lookinu m.rrc closely, she s:rn' that it brokc up into :r regular series of briet
radio prrlses, onc occurrir-rg evcry 1.3 secon.ls. Bcll ancl Heu'ish trierl to rvork
out whcrc the puz;ling signal wns corriing from. AlthoLrgh its clockrvor-k
rcgrrlaritl,suggcsted it might be rnan-ruir.lc, tl-rey coul.l idcntify no srrch
cniission. It u'as ur-rlike arrl' knou'n star ()r qLl:rsrlr.

Little green men? Tl-rc scit'r-rtists briefly rvoncleretl irbour :r more
outlancl ish possibilitv: m i ght it he cxtrirterrcstriul conrnrunicrtion l
Alth,rtrgh tl-rev t1-rougl'rt it unlikclv ro be alicn Morse code, Rcll rccrlls

)

.

First pulsar signal picked up
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being annoyccl that her stu.lies secmetl not to be going stnoothly: 'Hcre rvirs

I trying t() get n Phl) out of :i new tecl'rnique, an.l some silly lot of little
green mcn harl to cl'roosc tny :rcrial ar-rcl my frequ.'ncy t( ' c()lrttrlunicrrte ri itl'r

us'. The astronolners clicln't go pr-rblic, but lnadc t-nore obsen'ations.

Bell srxrn disc,rvered a sccond pulsating sourcc - tlubbed ir prrls:rr - with ir

pcriod of 1.2 scconds. And by Janu:rry 1968 she and Hcwish htrd iclentifjcd
four such sources. 'lt rv:rs very unlike 1y that two lots of little green mt:n

would botl-r choose the sarne, irnprobable freqr,tency, antl the salre time, t.)
try signalling to the sane planct Eirrtfi,' remarkcd Bel1. More confitlcnt th:rt
they hacl detcctcd a neu, astr()not'nicirl phenonen()n, Bell an.l He"vish

published thcir discovery in thc joLrrr-ral Natrirc.

Neutron stars Astron()mers rtrshctl to explain Bcll and Hewish's

fin.1ing. Fellow Cambritlge :rstr()n()lner Frecl Hoylc thought it possiblc thtrt
pulses would be given otThy a ncutron star left bchlnd:rfter a sttpcrnovn

explrsion. A few rnontl-rs Lltcr, Thomas (lold of Corrrell Univcrsity offere.l

,r frrllcr ( xl.lilrtrlti(,n: if tltr'ltt'utron:lilr $:ls sf inninu. thttt :t ht'rttn ,,l rlt.li.'
r.vaves would sweep past ir w:rtching telescope u'ith cvery rotitti()n, tnr.tch irs

a lighthouse beirrn appcars tt, flash as the lamp rotates.

Nevertheless, it was irnpressivc tl-rat rt neutr()n st:lr cor.rld r()tate oncc pcr

seconcl. Golcl assured tl-rem thilt this wirs feasible, because netltron stilrs ttre

so srnall - only tens of kiltlr. ctrcs across. Just after :t supernova explosion,

Noba( con-lroversg
Pulsar discoveries have generated Nobel Prizes.Tony Hewish received one, with fellow radio

astronomer Martin Ryle, in 1974. Controversially, Jocelyn Bell was not included, despite it

being her PhD projectthat discovered the first pulsar. ln 1993, JoeTaylor and Russell Hulse

too were awarded a Nobel Prize Ior their finding of the first pulsar binary system.

Binary pulsar discovered Millisecond pulsar discovered
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thcir rirpicl c()ntracti()n wou1,.l clruse them t() r()tate
very quickh', in the snn're way thar a spinning ice
skatcr spee.ls up rvhen tl-rey ptrll in their irnns.
Nt'rttrrrll rl:tr: lrlsrr l1(r\5('s: \cf) slr(rnq lllilglletiC
ficltls. It is thcse thar cre:rte the nvin raclic, heams,
which ernanirtc from opposite ends of the star-. As
the stirr spins, the beirrns swcep out circles on the
sky, appeanng to flasl-r u'hen pointetl rrt Earth. Cloltl
prcclictc.l further that puls:rrs r.r'ould grarlually slou'
.l,ru'n, as thcy lost cnergy; pr-rlsal spin rates incleetl
decreasc b)'aroun.l a rnillionth of a seconcl per year.

Gravitational waves Thc lintling of hLrncire.ls
nrore pulsars led to firrtl-rer rernarkirblc discoverics.
ln 1974, American ustr()n()nlcrs JLre Ttrylor and
Rtrssell Hrrlse cliscovcrecl a bin:rry pulsar: ir first-
spinning pulsar that olhite.l another neutron stitr

every cight lrours. This systeln offcrecl a str()ns test ()f Einstein's thcory of
relativitl,. Ilecause the two neutr()n stars arc so dense, c()mpact an.l close
togethcr, tl'rey h:rvc extrelnc gravit:ttionirl fiel.ls ancl so offcr a nerv vicrv of
curve.l spilcetime. Tl'reorists prc.licte.l that irs thc t$tr lteutrr)lt stars spirrrlled
in towarcls onc anothcr, tl-re systcm sltoul.l lose energl. l.v giving off
gravitirtional rvin'es. By l,roking for cl'rangcs in the pulsar's tinlins an.l orbit,
Htrlsc and Tirvkrr provctl this prccliction c()rrcct.

Clravitation:rl waves are coltt()rti()ns in the fhbric of spacetirne that
pr()pag:rte like ripples t,n a p,rnil. Physicists are builcling detectors on Eirrth
to detect the squashing of splicetime that is thc signature of passing gr:rvit1
w:n'es, hut these obscrr.irtions are extrcncllt clifficult to rntrkc. Anv

Alen rn\ap
Although pulsar signals were not sent by extraterrestrials, pulsars
feature on the two plaques pinned to the Pioneer spacecraft and on
Voyager's Golden Record. ln these artefacts, which identify the presence
of intelligent life on Earth, for galactic civilizations that might one day
find them, the position of the Earth is shown relative to 14 pulsars.
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3taryuaKes
When the crust of a dense

neutron star cracks suddenly, it
causes a 'starquake', analogous

to earthquakes on our planet.

These happen as the neutron

star compacts down and slows
its spin over time, leading to its
surface reforming its shape.

Because the crust is stiff, it

judders. Such quakes have

been spotted as sudden drops,

or glitches, in the rotation
speed of pulsars. Big

starquakes can also trigger
bursts of gamma rays from
pulsars, which can be picked up

by satellites including NASA's

Fermi observatory.

F

' +F.!rs:!$+r-18_rE!:rl !'i -

earthbound sl-raking, fiorn seisn-ric trcm(xs t() ()cezrl1 wave vihrations, cill-r

disrupt the sensitive sensor. Futurc sp:rce tnissions, usir-rg mr:ltiple crafi
placed wiclely apart and intcrconnectcrl via lnsers, will look firr gravit:rtional
waves passing througl-r our s..rlitr systen).

Millisecond pulsars ln 19E2, another type of cxtrcmc pulsar rvirs

found: one with a milliseconcl pcriod (thousruclths of a sect,ncl) was

detected hy Arnerican ra.lio astronotner L)on Racker. Rotating (r41 tirncs a

second, such a rapiclly spinr-ring stilr wils rernarkahle; iistr()n()ners think that
they arise in binary svstclns whcre the neutr()n star is sput'r up likc a top as it
accretes materiill frorn its conLpirnion. Millisecond ptrlsars are vcry l,rccurate

clocks: astrcnt)mers arc trying trsc theur to directly detect grirvitationlll
waves as they pass in front of un :rrmy of thern. Pulsars arc ccttirinly r.rsefirl

objects in irstronor-ners' toolboxes.

Pulsars will be onc ol thc tniriu tirrgets of a new-generation lilclio tclcscope,

the Square Killnctrc Array (SKA), a gi:rnt :rrray of linked antenn:rc that
will start obscrving in thc next clecade. R1' cliscovering tens t,f thous:rnds of
pulsars, inclucling most of thosc in the Milky Way, raclio astr()nomcrs rvill be

able to test gcncral relativitf iru,-l leirrn irbout gravitittional u'avcs.

&,

*3em *iq..ps stfiq*Ekru*r# :*,*;$"q*s*.
llt
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Gamma-Tay
bursts

Gamma-ray bursts are rapid blasts of high energ-y photons,
which occur daily across the sky. First identified by military
satellites, most of these bursts mark the last gasps of dying
massive stars in distant galaxies. Exceeding the brightness of
a normal star whilst located billions of light years away,
gamma-ray bursts comprise some of the most energetic
phenomena in the universe.

Pulslrs ancl c1u:rsirrs were n()t the only unusual ()bjectstlisc,rverecl in the
1960s. Uniclentifled bursts of girtnma r:rys - the rnost energetic fcrrm of
electromagnetic rirdiation wcre spotted in 1967 by p:rtrolling US rnilitary
satcllites. Monitoring Soviet compliancc rvitl-r the 1961 Nuclear Test Ban
Tie:rty, which prohibitecl nLrcle:rr tests in the :rrmosphere, the Vela satellitcs
cirrried dctectors to dctcct garnfil:l r:rys given off by nuclear explosions. Rut
the flashes thcy saw did not look like those fmm :rtomic tests. L)irtir on these
cnergetic bursts was cleclassified in 1973 anci publishctl in an ircadcrnic
paper on 'gamma rays of cosnric origin'.

The enortnous flashes of gamrna rirys dctected by the satellites appeared
from all over thc sky. They occurre,l daily and lastetl fi,rn fracrions trf rr

secoucl to severirl minutes. Thcse gilnma-riry bursts were hundreds of timcs
brightcr than a supernor.a antl :r billion tirnes brighter the Sun. !7hat wns
the ciruse of tl-re energetic flashesl

It trxrk decades to find out where g:unma-riry bursts originate. Progrcss
starterl in 1991 with thc laur-rch of the Cornpton Garnrna Ruy Obsen'atory
satellite, wl-rich detected and cnrdely krc:rtecl thousands of bursts. A plot of

First gamma ray burst
detected bV Vela satel I ite

Compton Gamma Ray
Observatory Iaunched
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their positions on the sky showc,-l thirt they were evenly spread (isotropic).

They did not c()me prcfcrcntiirlly from the Milky Way's centrc ()r tlisc, and

did not coincicle witl-r knorvn extrng:rl:rctic objects.

This all-sky spread suggests that thc gamma rays originated eitl-rer very ncar
to us or very firr away'. They tlut't come frotn exploding stilrs ircr()ss our
galaxy, or elsc thcy wotrld concentrate in the disc. They could be created

locally, but il bcttcr guess is thtrt they originate heyond thc Milky Way. Yet

the fact that thcy don't cluster near regions of high g:rlaxy density suggests

that they c..rme from very far :rway. This w..rul.l make thcm the rnost

energetic phcnotncn:r in the universe. The puzzle only .lcepened.

Gamma-r:ry bursts corne in two clifferent typcs: long :rnc1 short duration.
Long bursts typicirlly last firr tcns of se concls; short bursts ir fraction of it
second. The prcsence of tu'o distinct classes hints that they :rre generatecl

by two different pr()ccsses. Even toclay astronomers arc only just beginning
to understantl thcm.

Optical afterglow In 1996, another satellite, BeppoSax, was launchecl,

which made morc precise krcirtions pr.rssible to dcrive . As well trs cletectint
gamm:r rays, the satellite had an X-r:ry carncra bolted on, so astr()n()mers

could look frrr glows at other u'avclengths, coincident with the g:rmm:r-rtly

burst. On the grouncl, they set up an alert

system so that when ir gamma-ray l',urst

went off, telesc,rpes acr()ss the gl()bc

could quickly point in that
clirection to kxrk firr any
fading countcrp:rrt. In
1997, an optical afterglow +180

rv:rs spotted, irnd a very
faint gal:rxy identified as

its likcly origin. Otl'rer
afterglorv r-'letect ions
soon folkrrvecl.

F'\
.A

Fi rst short-du ration-burst
afterglow spotted

EeppoSax launched First afterglow spotted
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Carurrvra-raL.,{I- " ' ''J
Most gamma-ray astronomy is

carried out from space.

However, the most energetic
gamma-ray photons can be

detected by experiments on the
ground. As the photons collide
with air molecules, they
produce showers of particles

and flashes of blue light, both of
which can be detected. The light

- known as Cherenkov light - is

I

OsTronoN\qJ
most efficiently collected by

telescopes. This method has

detected gamma rays from the
Crab nebula, which hosts a

pulsar. and a handful of nearby

active galactic nuclei. Although
gamma-ray astronomy is

difficult, bigger telescopes

are being developed that will
probe the most violent reaches

of space.

--t

With the launch of firrther satcllites, not:rbly Sr.vift and Fermi, asrronomers
have gathelctl a range of examples of the cr)unterparts t() gamrn:r-ray bursts
Ar,rtornatecl telcscopres have :rlso l',een ernployed, reacting immedi:rtely to
burst :rlerts. Clearly thcse garnnrtr-r:ry bursts corne frorn very faint distant
girl:rxies, billions of llght ycurs a\\'ay. Thc association of one burst with a

supern()\'i,r l1rrre implies thirt long-clurirtion gamma-ray bursts irrc tied to the
tlenth throcs of rnassir,'e st:rrs.

Blast waves Astronorncrs think that rhc garnrna rays arc prodrrceci by a

bl:rst wave th:rt is generated when the star's corc finally colltrpses to firnn a
black l-role. The ensuing explosion senc'ls out ir wave tr:rvelling at close ro

{qnius a.rryl si*o* have burst the limits of spam,
a,nd a few observations, e:ryla,inod by just reasoning,

have unveilod tho rneellanisrn of ths universe. Woufd it
not also be glorious for man to burst the limits of timo,
?r-rd, by a_few observatione, to aseerta,in the histoly of
this urorld, and the sorics of, events whi_ch preeedorl the

bif,th of, ths human ra@?}
fiarsn ffenr$rs f,flvier
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the speed of light, rvhich passes through girs remaining aroun.l
the stirr, senerirting gafirma r:'rvs just ahead of thc shock fnrnt.
Other firnns of electrornagnetic radiation irre alstr rnade in the
blast \\:ave, pnrdr-rcing thc aftergkxr,, u'hich rnay lir-rger firr clirl,s

itr r.r,t:eks.

Short bursts havc posecl rn..rre of a prohlcrn for iclentific:rtion
because :rny afterglow rnight have disappe:rrcd bef,rre a

telescope can be slervetl to Lxrk in its direction. Since 2005,
though, a han.iful of associations u,ith short l.,ursts h:rve heen
spotted. However, thcsc were founcl in regions lacking active
st:rr frrnnation, inclutling in elliptical girlaxies, rvl-rich sr-rggests

that sl-iort bursts are pl.rysicirllv .lifferent and not sirnply due to
massir,e star clcirths. Altl-rough their origin is still r"rncle:rr, it's
thought they rnight arisc rvhen neutron stirrs merge, or in other
cnergetic systems. Girrnrna-rily bursts are typically one-off,
cat:rstrophic events only :r hanclfirl ever rel-,e:rt.

(Even one
well-rrrade
observation
will he enough
fn ma,nJf Gia,SlBS,
just a,s one
well-eonstrueted
erqDerirnent often
suffices for the
establishurent
of a law.!
frnilc ilunkfteim

Particle beam Gamma-ra-v bursts give off rnore energy than any othcr
known astrophysical ohlect. Thcy shine ternpor:rrily likc a bright srar e\:en
though thev lic billions of light years a\\r:ry. Asrronomers fintl it rlifTicult ttr
explain how so rnr-rch energy can be given ofTso qtrickly. C)ne possibiiity is

that in sL)lre cases thc cnergy is not ernitte(l cclually in irll clirections but,
like pr-rlsars, electrom:rgnetic u'aves are given off prirlarily in a nnrrorv
beam. When th:rt beam is c'lirectecl at us, we see ir high-energv flirsh. The
gamma ravs rnight be arnplifiecl too by rcLrtivistic effects if they:rrisc frorn
fast-n'roving particles spiralling in magnetic ficlcls, possihly ir-r srnall-scirlc
versiotts of the particle jets th:rt cfir2rn:rte frorn ratlio galirxics. So the rnode
of gener:rtion of gamrna-ray lrursts is still under inr estigrrtion.

Given that gammir-r:ry bursts occur billions of light yerlrs irwilyr vcr ilfpear
as bright:rs a ne:rrhy stiir, we nre ltrcky that they irre s() rare. If onc went off
in our neighhourhtxrtl, it rnight fry thc Earth.

*$x"w #ffiKx.ffi*ffiskffiffin$. $-cAm*s,



178

Variability
Astronomers are opening up new views of the universe by
looking at how objects vary with time. Most stars shine
constantly. However, others - variable stars - do undergo
physical changes that cause them to vary in brightness. The
way in which their light fluctuates can reveal much about the
star. The cosmos is a place of change.

Although c()r'nets ilnd supemovac havc sLnpriscd people across the centuries
by being celcstial visitors, thc night sky hns generally been consi.lcrcd
rrnchanging. This picture of constancy wtrs trlterecl in 1638 hy Johirnnes
I:lolwrrr.la's discovcry of the pulsirtitns of the stirr Mir:r, u'hich brightens irnd

f:rcles rxr :u-r 1 1-tnrx-rth cycle . By tl-re ltrte l Sth centtrry', a hanclfll of r':rrial.tle

stars werc known, including Algol. The number rapicily incre:rscc'l after the
rnitl 19th century, as photographv nircie rnonitorine of large numhers of stirrs

routine. Tirday, over 50,000 r'ariahlc st:rrs iuc rccognized; the majority lie in
our galaxy, htrt mnny havc bccn rlctected in other g:rlaxies.

Pulsations Variablc strlr\ c( )rrrc in urrrnl guises. Monitoring of thc light
()utput of il stilr rcvculs how its brightness rises ar-rrl falls - its ligl-rt curvc.
The cycle rn:ry hc pcriodic, irrcgtrlar or somewhere in hetu'een. Thc star's

slcctnrm:rlso tells us its t1'pe, its tenrperr'rtrrre;ulLl milssr and u4rether it is:r

binnry or not. Spectral changes rrray ircc()ffrpllny the fluctuations in the
star's ligl'rt. Spectral lincs cirn shorv l)op1.,ler shifts thirt inclicate thc
cxpansiorr ()r c()ntracti()n of shells of g:rs, or the presence of n:rgnctic ficltls,

Once all the evidcncc is amirssecl, the reastrns fcrr a stirr's variability clln
then be dedtrcccl.

Arorurcl two thircls of variable stirrs pulsate - tl-rey swcll and contrirct ir-r

regrrlar cycles. Such behavior-rr arises tluc to interrel:rtecl irrstabilities in thc

First variable star observed Cepheid variables discovered
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(saientifie developmont depends in part
on a prmess of non-ineremental or-revolutionar5r ehanse. !

Thomas S. Kuhn

star, u'hich ciruse it tr> oscillate. Onc rn,r,-le, pointcd out by Arthur Eddingttrn
in the 19.10s, is chivcn l.y ch:l.rgcs in the clegrec of ioniz:rticm of the star'.s

outer layers, wl'ricl-r :rre ,-:ouple.l trr its ternperirture. As the outer layers swell,
they cool and lnay hccome rn()re rr:urspiirent. It thcn becornes easier irr thc
star t() r:rdiilte rn()re energy, s() it contracts. This hcats the g:is :rgain, which
mirkes tl-re star irgain start tr) slvell. This cycle rel)e:rts rx'er and ovcr.

Cepheid variables Sr.rch a pattenr cxplains tl're pulsation of Ccpheid
variables - ur-i ilnportirnt t1,pe of virriable stirr used as a,.list:rncc indicirtor.
Cepheid cycles are drivcn in particular by changes in thc ioniz:rtion of
heliunr. L)otrbly ionizcci l'relium is more op:rclue than singly ionizecl hclitun;
so oscillations in transparency anc'l teniperature result. The periorl of thcse

cycles is closell' relatccl to the ltrrninosity of the stlr.

Quosor variabi(*g
Variability is not confined to stars. Many
quasars are variable.Their variability,
together with their uniform brightness

across the electromagnetic spectrum, has

been used as a means of finding them.

Ouasar variability may be due to changes

in the amount of material being accreted

on to their central super-massive black

hole, or due to a hotspot on their

accretion disc whose brightness changes.

The fastest variability timescale seen in
quasars tells us about the size of the

region producing that light. For instance,

if quasars vary on timescales of days,

then a light day can be estimated as the

smallest size for that structure, such that
light can communicate coherently across

that distance.

Cepheid period-luminosity
relation worked out

Cepheids used to measure
distance to Andromeda nebula

Large Synoptic Survey
Telescope opens
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Size and colour

al W
Yellow Hlq'w]

Cepheids are very luminous
massive stars - they are

typically 5 20 tirnes as

massive as thc sun anci up t,r
30,000 times irs lurninous.
They rnay vary or1 tinescirles
of clays to months, .luring
which rheir raclii charrgc hy
almost a thircl. Their
brightness and predict:rble
variability means rhar rhcy
can be seen out to clisttrnces
of 100 million light years.

Thrs thcy can hc lraccJ in
nt'arhy galrrxics. rnJ thcir
iun-iinosity cirn be

ascertained, m:rking thern
g, r,,.1 .li51xnic in\licitt()rs.

Yellow-Green

Brightness

lll

Tite -il onecycle

Cepheid variables r.r'ere

discovcreci in 1 784, ancl are
narned for the prototypical star, Delta Cephei. A better-knou'n ex:unp1e is

Polaris, the north pole star. The period luminosity relationship r.vtrs

discovered in l90B by Harvard astronomer Henriettir Swan Leavitt, basecl

on observations of Cepheids in the Magellanic Clouds. Oepheicls rvcre a

critical part of the jigsaw puzzle in establishing the size of the Milky Way,
and distances to gal:rxies beyond our own. In 1924 Edwin Hubble used
them to work out the distance to the Andromedir galaxy, clearly showing
that it lay beyond the Milky Way. Cepheicls have irlso playecl ir key role in
measurements of the expansion rate of thc universe, r'ia Hubble's L:r',r'.

6nn tnn pafit contur5r [l$fihl" thore wGre nrore
ohansiac tl'+n in ths prcvious thoucand
y6ars. Tlre now conturlr [AOthI will see

changen thet will d,warf thoffc of tho fast.!
H.G.lffells
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SKg rnovias
ln future, time-variable
astronomy will become routine,

The sky will be monitored like a

movie, rather than as a series of
snapshots.The next generation of
telescopes - both optical and
radio - are being designed to
provide continuous surveying of
the sky, making searches for new
types of variable objects - and
hopefully many surprises -
possible. One such telescope is

the Large Synoptic Survey

Telescope, due to open in Chile in
2014. With an 8.4 m diameter
mirror and a wide field of view, it
will survey the entire sky twice a

week, taking 800 images each

night. Each patch of sky will be

visited 1,000 times in 10 years.

Several billion stars and billions
of galaxies will be imaged. As
well as variable stars and
quasars, numerous supernovae

should be picked up. allowing for
tests of dark energy.

Cepheids :rre ()ne type of intrinsically variable srar. Sr-rch stars physic:rlly
.lcfirrm to produce variirbility. In the c:rse of Cepheids, it is through
pulsation; other stirrs may trppear v:rriable clue to eruptions or fl:rrcs (n their
surfaces. Yet others viiry as ir result of extrerne processes that lead to
explosions, such trs c:rtrrcll,srnic r.'ariable stars, novae and supernov:re.
Alternatively, extrinsicalll'r'ari:rble srars miry exhihit eclipses from an
orbiting companion, or lnay htrve singular rnarks on their surfaccs,
including gi:rnt sunsl.rors, rhiit cause v:rriabiliry as thc srar rotates. Mosr
clnsses of vari:rblc star are namecl frrr their prorotype, sr-rch as RR Lyrae stars,
u'hich are like Cepheicls br-rr ftrintcr, and Mir:r v:rriables, which pulsate due
to hyclrogen ionizirtion changes rather rhan helium.

tlxw ffinlxkffiffisx"ffiffiS $"ffiwsh
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The Sun
Our nearest star, the Sun still holds mysteries. While it has
revealed much about the process of nuclear fusion and the
structure of stars, its magnetic weather can be unpredictable.
Following an ll-year cycle of activity, the Sun is subject to
erratic flares and solar wind surges. These can paint beautiful
aurorae on Earth, disrupt our electronic communications
systems, and affect our climate.

Thc ancient Greeks recognizeci that thc Sun was ir giant ball of firc
lying fur fmm Earth. But it u':rsn'r until the 16th ancl 17th centuries that
it was clernonstrated th:rt thc Earth orbits the Sr-rn, :rnd not vice versii.
Thc advent of the telescope in the 17th centLlry revealed sunspots, rlark
bkrtches rnoving across thc firce of thc Sun. Calileo Galilei observcd tl'rern
i'urtl realizecl that they were stonns on its surface, and not intervening
clou.ls. In the 19th century, thc chernicirl composition of the Sun was
esttrblishecl hy iclentifying d:rrk absorption lincs in the soltrr specrrum -
Fraunhofcr lines. But knowleclge of what powcred the Sun - nuclear
fusion - wasn't obtirined until the twer-rtieth ccntLrry, when ilromic
physics was devcloped.

The Sun contains most of the mass of the solar system (99.9 per cent)
in a hall whose cliametcr is ahout 100 tirnes thirt of the Earth. It is about
150 rnillion kilornetres away, irnd light from it t:rkes eight seconils to rcach
us. About thrcc quarters of the Sun's mass is in hydrogcn, rhe remainclcr
bcir-rg heliurn with heavicr clcments such as oxygen, cirrbon, neon :rntl iron
thrown in. It burns clue to nuclear firsion of hyclrogen into heliurn in its
core. Witl'r a surface telnperature of 5,800 K, the Sun is ir yellorv st:rr of GZ
classification, of average brightness for a n-iain sequence star, :rncl about
halfrvay through its 10 billion ycar life.

Joseph Lockyer
discovers helium in
the solar spectrum

Arthur Eddington
proposes that fusion
powers the Sun
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efre Earth in its rapid motion round the sun
trpsscss,es a degree of living force so vast thet,

if tumed into the eguivalent of heat, its temperature
would be rendered af, hast one thoucind timrb greater

tea,n tha,t of red-hot iron, and the globe m whi6h w,e
tread would in all proba,bility be ien&red equal in

brightn6ss to the 3un itself.g
Jamas Prescstt Juule

Solar structure The Sur-r has :rn txrion-like structure. At its heart,
comprising the innerrnost quarter of its radius, is the hot, dense core . Fusion
occurs here, relcasing energy etluivalent to c()nsuming fcrur rnillion metric
tons of gas per seconcl; or exploding tens of billions of megirrons of TNT per
seconcl. Temperirtures in t1're core rcach a scorching l4 rnillion kclvins.
The next layer is the radi:rtive zone, i.vhich lies betrveen 0.25 ar-r.l 0.7 solar
ra.1ii. Encrgy from thc c()re travels through this regitx'r as electromagnetic
r:rdi:rtion - ph()tons. Temperaturcs l-rcre decreasc outwarrls, frorn 7 rnillion
to Z rnillion kelvir.rs.

Ahove the radiativc zone lies thc convectii)l1 z()ner accounting firr the outcr
j0 per cer-rt of thc Sun's radius, up to the sur{:rce. Heat rising from below
c:luses gas here tt, bubble up to the surface :rnd plunge b:rck down irgain,
circulating like rv:rtcr hrought to the boil in a pirn. He:rt is rapiclly losr fronl
thc region, so thc surface telnpcrnture drops to 5,800 K. A thin surface layer

thc photosphere - c()rits the SLrn; it is only a t.:w hur.rdred kilornetres thick.

Tenuous gas a[,ove the surfncc frrrms the solur atrnosphclc, which cirn bc
sccn during :r ftrll cclipse of thc Stn-r by the Mo,rn. It comprises five regions:
a crxrl layer 500 km tl'rick known as the temperature rninimLun region; thc
chromosphere, a hot ionized rcgion 2,000 krn thick; a 200 km rhick
transition region; the extensivc corona, whicl-r stretches far fron'r the Sun
and generates thc sol:rr winrl ancl is very hot, rcaching n'rillions of clegrees;

Burbidge et a/.
work out theory
of stellar
nucleosynthesis

NASA Pioneer
probes observe
solar wind and
magnetic field

Genesis captures
solar wind
particles
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1. Core
2. Badiative zone
3. Convective zone
4. Photosphere
5. Chromosphere
6. Corona
7. Sunspot
8. Granules
9. Prominence

and the heliosphere, a bubble filled with sol:rr wincl
stretching to the etlge of the solar system. In 2004,
the Vryager spacecr:rft pirsse.l thror-rgh the edge of
this bubble, travelling through a shock front c:riled
the heliopause.

Space weather The Sun possesses a srrong
m:rgnetic fielci. It reverses clirection every 1 1 years -
rn:rrkir-rg the sol:rr cycle :rncl also unclergocs
continuitl cl-ranges. More frcquent sunspots, flares
:tntl hursts of solar u'ind itrise u'hen the Sun's
magnetic fieltl is p:rrticul:rr1y active. Such outl.ursts
can send clouds of particles whizzing tlrnrugh the

s()lar systcm. when thcy reach Earth, they are funnellecl by the Earth's ou,n
rnagneric field on t0 high-l:rtitude regions, where they glor.v as delicate
ilur()rle, or the Northern irnd Sor-rtl'rem Lights. Powerfr-rl eruprions of
pirrticles cirn be clestructive, knocking out tclecommunictrtior-rs and pou,er
gri.1s, as lrtrppensl in Quebcc, Canada, in 1989.

Sunsp()ts rlrc \'()rtexcs ()f str(rng uragnr.tic ticl.l that nrise on tire surf:rcc of
tl-re Sur-r. Reaching th.usands .f kilomctres ircr.ss, they alpe:lr clilrk hec:,Luse

thcy are colder than the surrouncling boiling gas. Strnstr-rot numbers increase
whc. mirgnetic :rctivity pcirks, fluctuating e'ery 11 years .r s.. Unusual
s,rlar cyclcs can afiect Earth's clim:rte: thc Little Ice Age that frozc Europe
in the lTtl-i century coincidecl witl-r the solar cyclc stopping frrr sevcral
dccatles; lcw sunspots r.vcre observed at all rlr,rring this periocl. ln the f'ew
yerlrs running up to 2010, the Sun has been in a quiet ph:rsc - its brightness
hirs.lr.ppetl slightly trnd its magneric field, .Lrmber.f suns[.,.rs ,nd sol:rr
wind strer-rgth arc irll lower th:rn :rveragc.

Qanasrs
Because only the outer layers of the Sun absorb light, the chemistry of the interior is barely
known. A space mission called Genesis collected particles from the solar wind to measure its
composition. ln 2004 it plunged back to Earth, carrying the samples with it. Although its
parachute failed and it crashed into the Nevada desert, astronomers have managed to piece
together the fragments of its detectors to analyse the particles from the Sun. i

_"1
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Puzzles Thc Sr-rn is tr good lal.,oratory for stellar physics. {.AnA tgrcfu mg
Although lve know a 1ot about ho'"v it works, there :rrc still rnirny lfOW Tb na,fCf,g
puzzles. C)ne th:rt rvas tnly recentll' solved is the niystcry of the the biggef
missing solar ncurrin.s. Nucle:rr f'si.n .f hydrn*.."I,1 n",',]'r 

, , , light, ?frA how
T:,1:..T f."r,l:l:: 

called neutrinos as ir by-pnrdtrct. The'e sh,'ulJ h.. t1ft f,i"S, ih*tqiven,,ffitt vrtst rtrrrrrht'r' l.r rlre Surr - hrrt plrysicirt* torritlorrlv scr. ;
lc:c lh;r.r h.rll tirc rl.irnlir) thr'cxpectci. Where rve'c rhr rc.r .' ?* 

Dv oav
Neutrin.s arc clifficult t. dctecr because ,n"u nr..irv ,","r".irit,n alfld ni6ht :' ' ?
matter. In 2001 rhe Suclbury Neutrino Observ:rtory in Can:rt'l:r gave WilllAm $ftnkg$finnfg
the ansu,er: thc reason for the shortfall rvtrs th:rt the neutrinos wcre
morpl-ring into other sorts ()f ncLltrinos ,:luring their journey frorn
the Sun. Physicists cletecterl thcsc other versions (tau ancl muon ncutrinos),
dernonstratir-rg that tl-re neutrinos 'oscillated' betu'ccn these types anrl tl-rat

the particles hird a measurable, if tin,v, m:rss (ratl'rer th:rn bcing massless as

was previor-rsly thought). The solar neutrin() irccounting problern rv:rs solvetl.

A seconcl solar l.ruzzle is still r-rr-rcxplainecl: the heatir-ic rnechanisnr for the
Sun's million-.lcgree c,rr,rna. The photosphere is onll' 5,800 K, so the
corona isn't heate.l by racliation frorn thc Sun's surface. Thc best guess so far
is that rnagnetic energ,v pcrvirdes the coronn's plilsrna. It is creatctl rvl-rer-r

m:rgnetic fielcls lines snap, crackle antl po1.r, thror-rgh flirres irnd lnilgncric
wa\,es that tr:lverse tl-re gas.

The Sunts fate The Sun is abotrt 4.5 gigavears olcl, :rnd :rhout l'ralfway
through its lifc cycle. In another fivc billion years it will cxh:rust the
hydrogen fucl in its core irr-rd sn'ell to t,ecome a red giant. Its blratecl outer
lavers u'ill extentl bcvon.l Eartl'r's orbit, 250 tin-ics the present rir.lius of thc
Sun. Although the planets rnav he loosened to clrift into rnore distirnt orbits
as the Sun loses rnass, the Earth may n()t be s1-rare.1. Our occans and water
will be boilcd au'ir)'antl the atniosphcrc lost. Even nou', thc Sur-r is

increasing in luminosity by :rbout 1O pcr cent every billion years, so

terrestrial lifc may become extirlct within a billion yeilrs or so. Tl-re Sur-i u'ill
end its rl:rvs as a wl-rite .lil':rrf, h:rving sl-reci its girs layers r() irppear
tempor:rrily as a ;,lanctirry nei.,ula. C)nlv the core will he left.

ffiRxw #ffixxtr&ffiRkffiffiN $uf,mm
ilr
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Exoplanets
Hundreds of planets are now known around stars other than
the Sun. The majority found so far, revealed by the
spectroscopic wobble they give to their parent star, are gas
giants like Jupiter. But space missions are seeking smaller
rocky planets that may be habitable analogies of Earth.

The discovcry of planets arouncl stars othe r than the Sun - exopltrncts - has
hecn:r holy grail of :rstronorny. Civen that thcre:lre sn lni:rny stars in the
Milkv Way, it seerns uniikely thur our solar system is tl-re onlv onc. Yer
cletecting dim hotlics orbiting hright distant stars has prove,-l difficult, und
extrplanets were not strr()ttccl until thc 1990s, when insrnuncltts ()n

telesct,l-,cs irnpnx'ecl sLrfficiently to rcveal thern. A flr-rrr)'of cletection.
follorveil - over 400 exopl:rnets irrc ll()w known.

Barrir-rg a handful of planets locatecl anruncl pulsars by radio astr()n()mv
techniquers, the btrlk rvcre pickcd up by their sign:rrures in tht: specrra ()f
stars. In 1995 Michcl Mayor and l)iciier Queloz of the Unive rsitv of Clenevir
rnarlc thc first such clctection whcn they perf'cctcd the rnethod of hroking
frrr slight sl-rifts rr-r thc rvavelengths of starlighr, duc to the ttrg of u planet
uir()n the star.

Finding planets Rccausc tr.r,o rnassivc boclies trre orbiting one anr',rhcr
aborrt tl'reir joint ccntre of m:rss - :l point that lies ckrser to thc more
tn:tssive bocly, rrrthcr tl-r:rn rnirlu'i,ry betrveen thcn-i or centreil on cither the
planct's presence causes the stirr to inscribe a small circle as its companion
rno'u'cs ar,runcl it. This w,rbble c:rn be picketl up as a Dopplcr shift in the
star's ligl-rt: as ttrc star lno\res :l\\rily from us its light is shifierl to rcclcler

Kepler publishes theory
of orbits as ellipses

Newton explains
Kepler's laws with
g ravity

William Herschel
discovers Uranus
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(e time will eorns when men will
stretch out their eyes. They s[outd

see pla,nets like our Eaith.!
$in Christonhnr lffren

u,avcler-rgths; rrs it mo.u'es tou'ar.ls us it appears a little l.lr-rer. Even tl-rough we

ciinn()t see tl're planet itself, we can tletcct irs presr'ncc rt-\ itb rn:rss c.ruses the
stirr to.lancc back ancl tirrth (see l)opplcr effcct p.32).

The rwrjoritv of exopl:urr'ts iclentifierl so tar have bcer.r liruncl using this
Dopplcr rncthocl. In thcor_y u'c colrl.l look f,,r the star's u'ol.l.lc directly as rr

srnall clurngc in its position; hut such ir finc nre:rsuremcnt is extrcnely
.lifllcult to mirkc l.ecause stars irrc so fhr irway. Another mettr.r.l is to look
lirr regulirr dirnrninr-t ()f a stnr clr-re to trrrnsits of a p[;1ns1 in front of it. A
plar-ret like thc Earth wt,Lrl,,i bl<'ck a tirry frlction (abour 100 pirrts pL'r

nrillion) of thc star's light for scveral hours at a time. For u rohust detcction,
tl.ris dr,rp must repclt rcliably, on a c1'cle that maY last d:rys or rnonths ttt
ycars. Or-rcc its orl.ital l.criod is rncirsure.l in tl-ris 'uv:'ry the planct's u)ilss call
l-.e cirlculate.l usinu Keplcr's Third l-arv. A hanclful of plancts h:rve becn
firur-rcl this u'rly so firr.

Kepler rv\ rss'ton

Neptune predicted
and found by Adams
and Le Verrier

Launched in 2009, NASA's Kepler

spacecraft is designed to find
Earth-like planets. lts 0.9 m

diameter telescope continually
watches a large swath of sky
(105 square degrees) that includes

100,000 stars. Should an Earth-

ClydeTombaugh
discovers Pluto

sized planet pass in front of any

star, it will be picked up as a dip in
its brightness. Over three and a

half years, the mission hopes to
detect hundreds of such planets,

or place a limit on their numbers if
few are found.

Fi rst extrasola r
planet discovered
around a pulsar

First exoplanet Kepler mission
found by Doppler launched
method
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Diff'elcnt detect ion mcthocls

ten.l to pick out diffcrent types

of pl:rnets. The l)opplcr tnethocl
is rnost sensitive t() r'cry l:rrge

plrnt'tr, likc Jrrpit.'r. r'rl.itttru
r.cry close to thcir star, u,here

they exert thc strongest pull.
The transit methocl can track

more .listrrnt trnd smallcr
planets, including Earth-1ike
\)ne>, l'rll r( qtllfci \ cr) \r'll\il i\ C

measllrelncnt of the star's light,

Hahitable Zone

or,cr lcngthv perio.ls. This is best done frotn spacc, above the Earth's

turhulent atrnosl.rhere. Thc transit rnetl-rod is being ernployetl by several

rnissions, incltrcling NASAs Kepler sp:rcccraft, rvhich wirs l:rtrnched in 2009

Hot Jupiters Of thc hLrnclrecls of plirnets detectcd so far, utost arc gas

giants lyir-rg very close to their parent stirr. Thev havc filt]sses similitr ttt tl-rat

of Jtrpitcr - and irhnost all nre more than 10 tirnes thc Earth's uirss - bttt
mtx'c in verv tight orbits that lie much clttser to thcir star tl-rau Mercr-rr), is

t() ()ur Sun. Thcse 'hot Jupitels' typicall,v orbit their stars in jr-rst :r ferv tlays

and their irtlil()spheres bccotle hot dLre to their proximity. C)ne planct 1-urs

l.een shor',,r'r to har.'e a hottcr day side, reaching 1,200 K when tacir-rg ttre

stirr, nn.l a cooler night sitlc, dropping to llt'ttuncl 970 K. Astronotners have

rletectecl wirtcr, sotliurn, mcthirne and carb,rn dioxicle in the spectrir of
cxol-, I :rnet atlnt)spheres.

Ext4,lnng15 irre .lcfinctl irs being orbiting ho,,lies of too stnall ir ffIitss tL)

run.lergo detrterir.rm fusion - thcy :rre not big ct-rough to ignitc :rnd becotle
stirrs. In fractice the tnaximum size is aror.tucl 1l tirnes that ttf Jupiter.
Inirctive balls,rf gas larger th:rn this iusion lirnit irre callecl brown drvarf.s.

There is no lou,er tnass limit, otl-rer than thc t1'pical scalc of planets in our

s()lar systeln. Exoplanets rnay bc girs gitrnts likc Jupiter irncl S:'rttrrn tlr rocky

like Earth antl Mirrs.

Foun.l llroun,,l abor-rt 1 per cent of thc tn:rir-r seqLlcnce stirrs invcstigirted

so far, exoplanets arc cornrnon. Evcn if this st:rtistic is an undcrcstimate,
as scclns likely givcn the observiltional bias ftrr hot Ju1.ri1stt, it implies

that thcre rnust bc billions of plancts in the Milky \fay, rvhicl-r contains

@ffo o o

Mars

Earth

Venus



187

100 billion st:rrs. Some stars are more likcly to host planets th:rn
others. Stars sirnilar to our Sun (spectral classificatior-rs E C or
K) are rnost likely to do so; clwarf stars (class M) and lurninous
blue stars (class O) :rrc less likely. Stars whose spectra show they
contain relatively morc heavy elements, such as irr)n, itre lnllre
likcly to har.e planets - antl massive ones irr that.

Many of the orbits of exoplar-rets detectcd so f:rr are extrelne. Thc most
rapiclly orbiting ones, circiing their st:rr in lcss thirn 20 days, tend to foll,rw
near-circular tracks, similar to thtrse seen in our solar system. Those tirking
longer tencl to follorv elliptical ancl sometimcs highly ekrngatetl orbits. That
these stretchetl orbits pcrsist, and clo not settlc into circulirr ones, is clifTiculr
to explain. Nevertheless, it is rernarkable that thc s:Lne physics applies to
these distant piancts :is to orlr own solar systelr.

Habitable zone Ti) map ()ut the planetary systems of other stars,

:lstronofirers irre keen to find plilnets of lower mass that lie further :ru':ry

fron.r their host star tl-r:in the hot Jr"rpiters. E:rrth-like planers are especiallv
sought - rocky exopl:rnets with similtrr masses and iocirtions relirtive to thcir
stirr :rs Earth is to the Sun. Aror-rnd e:lch star is tr 'habitahlc zone'. where rr

plirnet lying irt such a clistance frorn its star',r'oulcl be of the right
temperirture to host liquicl water, anrl thr-rs thc possibility of life. If :r planet
lies any ckrser, then water on its surface woulcl boil ofT; any further nu':ry
from the star ancl wilter w()ukl be fnrzen. The kcy clistirnce depentls ()n rhc
hrightness of the st:rr - habitable planets lie further irwav from hright stars,

nearer fcrr f:rint ones.

Astronomers hzrvc indeetl learnecl :r lot in the last twenty yc:rrs :rbout
planets. The ultirn:rte holy grail still trr.virits thcm: finding an Earrh :rnalogue
planet ar,rur-rcl a clistant st:rr. Br-rt as technologv :rnd observirtional accurircy
progressesJ it is orrlv il mirttcr of time hefore entilc exoplanetary systelns will
bc rnappetl.

{,Ths only tarurly
alien planet is
Earth:t
J. G. fiallsrd
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Formation of
the solax system

The Sun formed from a giant cloud of gas 4.5 billion years
ago. Just as other stars condense out of molecular clouds, so
the Sun grew gravitationally out of a sea of hydrogen, helium
and traces of other elements. The planets formed from the
debris left over. Accretion and collisions dictated their sizes
and positions in a game of cosmic billiards.

Wl-rcn tl-re heliocer-rtric rnodel gained acceptancc in tl-re l8th cenrury,
tlucstitx-rs about the origin of the solar syste tn :trosc. The iclea that thc Sun
at-rd p,lar-rets forrnerl from il giar-rt cloutl of gas - tl-re nehular hypothcsis - u'as

ptrt foru'ard by Emanucl Sr.r'eclenborg in \7)4, and develol.rccl Llter that
ccntur-v by lrnrnantre I Kant and Pierre-Sinron Laplirce. While broailly true,
thc picture hns devekrpc.l rnuch since then. Just :rs otl'rer stars fonn fron-i
nrolccul:rr clorrcls, srrch ns thc Orion nehulir, thc Sun must have cr',nrlcnscrl
frour ir ckrtrd ricl-r in hydrogcr-r, l-relitrrn anrl tr:rccs of otl'rer elemcnts.

Thc pre-solar cloucl rv,rtrld have bccn rrany light yeilrs ucr()ss ilncl containecl
crrough gas t() p()tcntially rriakc thousiln.ls of SLrns. Thc Sun may nttt h:tvc
becn ul,lne in this cloud nrctL'r,ritr.s containir-rg qr.r:rntitics ol u heavy
isotttpc of iron (Fe-60) sLrggest that the ncbulir rvas pollutecl by cjccta from a

nearby supenrovir. Thus thc Sun rnight havc grown trp arnongst othcr
tnassivc stirrs, u'l'ricl.r wotrld have been short-li.,'ccl and expkrdell befirrc thc
.,,llu'.\'.leln e:tttte ittt,, ht'irtH.

Thc Stur grer.v gr:r.lLrally fi'orn irn overdcnsc rcgion of tl're cloucl .ltrc to
gravitv. In 100,000 years it l.ccilme a pr()t()-star - ir hot, rlense lrall of girs not
vet illt(lcrg()i1rg fusion. It wits surroun.le.l by a circtrrnstcllar tlisc of gls arrrl

First use of phrase 'solar system'
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ConAa-f crash
From 16-22 July 1994, Comet PiShoemaker-Levy 9 crashed into Jupiter's atmosphere. This
was the first collision of two solar system bodies seen, and was watched from most
observatories on Earth and in space. By the time the comet approached Jupiter, its nucleus
was torn into at least 21 fragments up to two kilometres in size. Astronomers watched as the
pieces hit the atmosphere one by one, triggering plumes and fireballs.

dust that strc-tchcd to several hunclred tirncs tl-rc current Earth's r:r.lius.
After around 50 niillion yeirrs, the Sun's fusion engine srvitchecl on ancl ir
became il rnain sequence star.

Growing planets The planets fbnnctl fron'r tlebris collecte.l rn thc disc.
Grains coalescetl :rntl clurnpecl up to make objccts kilornetres in size, :rncl

these suhsequently colliclccl :lr-rd stuck togethcr. The planetary embryos grcw
larger and larger. At thc s:rrne tirne, regions of the clisc becarne cleirrcd of
material near whcrc thc planets u'ere fonning.

The inncr rcgions of the fonning solar system rvere hot, so voliltile
compounrls likc w:rtcr coLrlcl not c,rnrlcnsc tl-rere. Rocky, rnetirl-rich planets
formed based on chcrnicals rvith high rne lting points - iron, r-rickcl :rn,-l

aluminium compounrls ancl silicirtes, thc mineral bases of the igncous rocks
we see ()n Earth torl:r1,. The terrestrial plancts - Melcury, Venus, Ealth and
Mars grew stcatlily us smaller hodies rncrgcil. It is thought th:rt thc inner
planets f,rrmecl ftrrthcr liom the Srrn than they 1ic totlay - their orbits

6The Sun grew gradua[y from an overdense region of
the cloud due to gTavity'- tlre overdensity will have

collapsed under its own weight, a,nd that_ grew due to
gravity attracting more gas.F

Swedenborg proposes nebular hypothesis

Tvrhu Sr*ft*

Comet crashes into Jupiter
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Time
contracted as the planets were skx,ved by drag frorn gas

remaining in the disc, which eventually dissipated.

Giant gas plirnets - Jupiter, Saturn, lJranus, Neptune
formed further out beyond the 'ice line', where volatile
compounds retn:rin frozen. These planets u'ere large
enough to mop up hydrogen and heliurn atmospheres;
the ftrur of thern together comprise 99 per cent of the
mass orhiting the Sun. After 10 rnillion years, rhe
young Sun had blown away aLl the extranetxrs gas in
the disc so that the planets remainecl and stopped
growing.

It was originally thought that the planets rvere ftrrrnerl
largely in the positions we see them today. But in the
twentieth century, astronorrers realized that this was

not so. They clevelrped ner.v theories th:rt suggcsted

that the planets had in fact rnol'ed arounci a krt .lue t,.r

collisions, in :r cosmic gane of billiards.

Proto solar
nebula
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Sun and
planets form

Solar system

Giant impacts When the inner planets were ne:rrly cornplete, the
region u'as still littered with hundrecls of Moon-size.1 planetary embryos.
These collided with the established pl:rnets in giant impacts. We know that
such events occurred: Earth gair-red its Moon in one collision; Mercury lost
much of its outer shell in another. The most likely re:rson ftrr this number of
collisions w:rs that the planets' orbits were more elongated th:rn they are

now, so they crossed paths with smirller objects frequently. Since then the
orbits have regularized, becorning near-circular perhaps throlrgh successive
collisions or clrag from debris.

The rubble of the astemicl belt, between Mars :rnci Jupiter, rn:ry be the
remnants of a planet that was shattered by rnan1, collisions. The region was

particularly prone to disruption due to the gravitationtrl int'luencc of Jupircr,
the largest planct in the solar system. WhcnJupirer's orbit shifte.l, it ctuscd
widespread disruption. Gr:rvitirtional 'resonances' stirrcrl up the region just
inside its orbit. The resulting collisions shirtterecl tt're plirnet rhar \\'as there,
leaving behincl sciittered asteroids. Some icy asteroids frorn this belt might
have been flr.rng into Earth's orbit, delivering water to our yolrng planet.
'Watcr m:Ly also have come from colrlets.

(a(@.4
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I - eteor, las

Meteorites are made up of cosmic debris,
including material left over from the early
solar system and planetary shards.There
are three main types. lron-rich meteorites
come from the cores of shattered
asteroids; stony meteorites are mostly
made of silicates; and stony-iron
meteorites are a mixture of both.

r9r

The minerals in these dark rocks contain
isotopes, whose ratios can be used as

cosmic clocks to measure when they were
formed by their rates of radioactive decay.
By piecing together these timings, the way
in which the building blocks of the solar
system were distributed and put together
can be ascertained.

I

I

Jupiter and the other outer plirnets moved around :r greilt
deal in the lirre stirges of their form:rrion. The disc rvoultl
have been too coltl and difflrse at tht' radii nf the outerm,rst
planets for sizeable objects to iirrm. So Uranus and Neptune,
and Kuiper Belt objects including Pluto :rncl comers, musr
have ftrrrned closer to the Stur and been flung out by
gravitational inter:rctions. Neptune may even have formed
within Uranus's orbir, ancl been shuffled our hevond it. A
possihle reasor-r is an orbittrl dancc that began berween
Jupitcr antl Saturn 500 rnillion years :rfter the solar systern,s
hirth. For a period, Jupiter's orbit r.virs twice as fast as Saturn's,
causing resolrallt tidal ripplcs that rang throughout the solar
system. Neptunc was pushecl out, and srnall icy hodies
-.catterecl into thc Kuiper Relt.

(lt toon hcc +.h+r'
an hour to makc
tho atomc, & fiow
hundrcd'nillion
y6ars to rnaho the
stars and planets,
but five billion
y@ars to malrG
Inan!t
Seorge Gamow

Late bombardment D.ring the peri.d u,,hen the .urer planers rvere
shuffling ahout, l.ts of asteroicls rvere flung into the in'er solar systern. The
orbits of the terrestri:rl plirnets were by now relatively settled, the m:rjor
collisions ha'ing endccl. A period of 'late heavy bomb:rrdmenr' resulted,
during rvhich many i11p1161 craters were formecl on the Moon ;rnd the
sr:rf:rces of other planets were scarrecl. It wirs :rfter the bornbardment censecl,
1.7 billion years irg(), that the first signs of lif'e emergecl on Earth.

lr
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Moons
Apart from Mercury and Venus, all other planets in the solar
system have one or more moons. Many poets have mused on
the beauty of our own Moon, but imagine how dramatic the
scene would be if there were more than fifty orbs in our skies,
as Saturn andJupiter each has. Moons can be formed in three
ways: in situ, having grown from a disc of gas and rubble
around a planetl through capture of a passing asteroid; or
chipped off the planet through a violent impact with another
body. Such a collision may be responsible for our Moon.

Thc giant outcr planets are so \':lsr that they rctain orbiting dcbris. Jupiter,
Uranus and Neptunc all have rings, but Sirturn's are by far the largcst and
h:rve bcen puzzled ovcr since thc 17th century, when Galileo pcclecl at
thcrn through his tclescope. Thousirnds of rings circle Saturn, reaching out
nearly 300,000 krn fronr the pLinct,:rncl all lying in a thin trrlirr-rc just a

kilornetrc thick. The rings irre matlc up of billions of small lLrrnps of icc,
ranging from tl-re size of :r sugilr cuhe to that ,rf a house.

SiltLlrn hirs rrlrrc than 50 ln()()ns, ancl eirch is unique. Titur-r, the largest,
.lisc,x'eretl in 1(r55 by Dtrtcl-r astr()norner (lhristiaan Huygcns, hosts a tl'rick
irncl orangc-tintcd atm()sphcre that is composecl rntrinly of nitrogen. Iapctus
illll\r':lr\ ultilt r'tl rrllc siJt ;rtttltllrrk iltt lht',,lhrr, lr: iCC Lr'itls it\ tronl trS il
tnovcs through thc ring mirteri:rl; Mirnas has an cnonnous criltcr ()n ()lte

sicle fnrrn a past collision; ancl Encela.lus is active bcncath its surfacc,
shooting colutnns ()f watcr viUr()ur fiom its ice volcano. Tens ,rf surallcr
lnoons havc l.cen cletectccl, many having canu'ed ollt gafs in the ring systcnr
as they f,rrmc.l hy accreting icy 5[or..1r.

The inncr planets tlle t(x) snall to hrrvc grou'n nr(x)t1s from rings oirlcl.ris -
t1'rcv hirr.e capturc.l tl-rem. Mars's ll(x)ns L)eirnos ilncl Phoiros are th,rught tt,

Titan discovered by Huygens Apollo programme puts
men on moon
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bc acquiretl asteroids. In thc Eartl-r's case, the creation of
the Mrxrn was rnore violent. In the early sol:rr system,
rvhen many sizeable bodies u'cre crashing around as

pl:rnctary embryos formed, a passing asteroid is thought to
have clirectly hit the Earth. The Moon is the result of that
clash.

Giant impact hypothesis AlthoLrgh the question of
thc origin of the Moon has krng been of intcrest, it receiver-l

renewed attention in the 1970s dr-rring the Apolkr
programme. Astronauts hrought back rocks :rncl geological
infrrrmation, and plirnteil detectors on the M()()n's surf:rce tt',
pick trp scismic signals ancl reflecr laser light to cstablish the
Moor-r's irccurirtc distance frtlrn E:rrth. They fiund th:rt the Mrxrn
i-s retreating frorn Earth at a r:rte of JB rnrn per year, ancl that it
hns :r relativelv small parti:rlly molten core. The composition of
the Mrxrn's crust is verv similar to igneous rocks on Earth.

For a krng tirne scientists had thought the Mtxrn r.vas frrrmetl at tl're
sirme timc as the Eartl'r, when :r tlroplet of ntolten maglna was spun
ofl. Br"rt the sm:rll size of the Moon's core - 20 per cenr of the raclius

of the satellite, comparctl with 50 per cenr ftrr Earth suggcsted
that a differer-it explanirtion was nee.letl. If the Moon hacl fonnecl
at the same time as the Earth, its core shoul.l be mr-rch larger. In
1975, Williarn Hartrn:rnn ancl Donald L)avis workecl up :rn
alternative hypothesis, rvhich suggesterl that anorher hody w:rs

involvecl in creating the Moon in a near-c:ttastr()phic impact.

A body about thc size of Mars n:rmc.l Theia - supposcclly colli.lecl with
thc Earth irround 5O rnillion years irfter thc solar svstem iirmerl,
approximately 4.5 billion years ag(). Thc impacr w:rs so forcefirl that it
ne:rrly shatterecl the flcdgling E:rrth irnd tl're hear gener:rtcd caused the
r.rpper layers of both bodies to melt. Theia's heavv iron core fell in to join
tl-re Earth's, and the lighter mantle antl crust of the E:rrth was splashecl off
into spacc. It was this lnaterial th;rt coalesced to procirrce the Mtxrn.

ttrtere men
from the planet
Earth first set
foot ulxrn ttre
Moon Jufy
1969, AD. We
ca,rne in peaee
for all
mantind.t
Plaque lnft nn tlis lVlssil,
rgGg

Giant impact hypothesis
deve lo ped

Clementine spies water on
Moon

LCROSS and Chandrayaan
confirm water
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T,olias and orb*a( ("cKins
The Moon turns the same face towards us each night.This is because it revolves about the

Earth in the same time it takes to spin on its axis (about 29 days).This synchrony arises due to

the effects of tides.The Moon's gravity distorls the fluid surface of the Earth, drawing out a

bulge in the oceans towards the satellite itself, and equally on the planet's opposite side.

These swelling bulges are responsible for the tides, which change as the Moon goes around

the Earth. But they also act as locks on the Moon: if the planet and the Moon spin at different

rates, the gravitational effect of the bulge will tug the Moon back into step.

The giant imp:rct hypothesis explains why the Mrxrn is s,r l:rrge relative ttr

the Earth, yct h:rs a tiny inrn corc. The lower averagc .lensity of tl-re Moon
(j. j gr:rmicLrbic centimetrc) courparetl with the Earth (5.5 g/cc) rcsults

bcc:ruse the Moon lacks henvy iron. Moon rock als,r has exactly the strme

r:rtios of variorrs ()xygcrl isotttpes (heavicr racliottctive versions of ttxygen) as

Earth, irnplying that it forrnetl in the satnc neighbourh,rotl. Martiirn rocks

and mcteorites frrnnetl in other parts of the solirr systelr, in contr:rst, have

vcry clifle rent cornpositions. Colnputer simulations of tl-re tncchanics of the

impact confinn th:rt the scenario is plar-rsible.

Further cvirlence poit-tts to thc f:rct that the Moon's strrttrce was ()nce

rnolten - forming a maglna occ:lt1. Light rninerals h:rve floatecl to thc
surface of thc Moon, as woulcl hc expected if they cryst:rllizecl u'ithin :r

liquicl phasc. Th:rt the sr:rfacc coolcd slowly, perhaps t:rking irs lorrg as

100 million ycirrs to solidify, is inclicated hy the qu:rntities of vartotts

radioactive isotopes, whose dec:ry titles c:rn bc used to meilsLtre mineral
agcs. There a.re s()lrlc incot-tsistencies - the Moon has cliffcrent ratios of
volatile elemcnts, irs well as its rleficit of iron, relativc to the Earth.

Sirriilarly, therc is no sign of Theia itself, in the fcrrm of unusual isotopcs

or foreign nrck rcmnants. There's no smoking gun.

Differentiation As the Mrxrn ctxrled, minerals crystirllized out of thc
magrna occan and settled at .lcpths according to their weight. Thc bo.1y

cliffercnti:rtecl to fomr a iigl-it crr-rst, intermecli:rte mantle ancl hc:rvy core.

The crust, just 50 km thick, is rich in lightwcight minerirls, including
p1:rgioclirse (a feldspar found in grirnite). It is composed by mass of arottnd

45 pcr cent ()xygen an.l 20 per cent silicon, with the rest being rnade trp of
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6tra from my pillow, looking forth by fight
Of moon or favouring stars,f could b-eho-ld

Tlre antecha,pel where the statue stood
Of Nerrrton with his prisn a.rnd silent face,

the marble index of a mind for ever Voyaging
through stra,nge sea,s of Tlrought, at6n& e

William Wordswnrth

metals inclLrcling iror-t, alr-rnrirriurn, ur:rgnesium iurrl calciurn. Tl-re c.rrr: is

small, c.nii.rccl t. within 150 kur,,r less. lr is likely to be part urcltccl ,,'.rtl
rich in iron an,.l rnctirls.

In l.etu'cen is the m:rntie, u'hich r.n'rtlerg()cs rn()()r1.[l:lkcs as it is twisteil by
tiJal forces. Altl-utrgh th,rught to be strlid r()\\', over thc lifetirnc of the Mtlpn
it has becn tnoltcn rintl gerterirtc-tl volcanism up until rr billion ycars irgo. The
It4oon'.s sr-rrlircc is scurretl l'ith nurncror.rs crirters from irnpircts, i,r'l'rich havc
sc:rttererl rocks and dust across its surdlcc, iri a l:ryer knou,r-r irs rcc,rlith.

Water Tl-re lv{oon's surf itce is dry, but thc occasional crirsh of comets or icy
l.odies ,n to its surfacr nray havc brtrught water urith thcm. For lunar
explrr:rtion, as u'cll :rs tirr lcarning irbotrt tl're trirnsfcrence of mirterial
thrtttrgh,rut tl-rc solirr systcltr, it is impolttrnt ttr know if there is any w:rter ()11

tl.re l\4oon ()r n()t. Whilst w:rter rv,rirl.l quickll' evirporilrc in r-lirect sunlight,
therc are sotne pilrrs of the M,rrrn that nre in pe1111,1r.,.r-r, shadorv, estr-rcc:i:,rlly

on the sides of cr:rters nelrr thc poles. Physicists susfect thitt water icc mav
\ttrvivc in the..' Jlrrk lr rt lrt ions.

Nunerous orbirir-rg satellitcs have scorrred thc surfacc, rvith mixecl resr.rlts.

l,rlirr watcr ice r.vas rep()rteLl by the Clementine and I-unar Prospector
satellites in thc lt'rte 1990s, althoLrgh groun.l-birserl radio ohservrrtior-rs failed
t. c.nfirm it. Recent missitrns, inclLrtling NASAs LCROSS (Lunar Crater
c)bserr.ation ancl Scnsing Satcllite), in r.vhich a prrrjectile was fire.l irrto rhe
surf:rce and <tnl,o:rr.l instnunents analysed the light fr,xn the resu[tirrg
plume , an.l lnciiai Cl-iandrayutrn mission, claim to har,e tletccter'l wirter in
thc sl-ratltrws of craters. So futurc ilstroniluts rnight finrl enough to drink on
tl're lvloor-r's pirrche.l surfacc.

$;3em #{}ffi#"#xkffiffisK $"*Kmaa
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Astrobiology
Life flourishes on Earth. Historically we have long believed
that life exists beyond our planet - from Martian canals to
reports of flying creatures on the Moon. But the more we have
prbbed our solar system, the more barren our neighbourhood
seems. Although life is robust, it seems to need particular
conditions to get going. Astrobiology seeks to answer the
question of how life arises in the cosmosr and where.

Life began on Eirrth \rcry soon aftcr the planet ftrnned,4.5 billior-r ye:rrs trgo

Fossil strornatrtIites - .1orne-shapccl ttrgirnic mllts - show thirt cyanohllcte ri.r

u'ere in cxistence 1.5 billion Jrcars ilg(). Ph()t()svnthesis - the chernic:rl

pr()cess thirt uses sunlight to convert chernic:rls into energy - u'as also ivell

uncler r.r,ay. The trlclest knou'n nrcks, itlentified in Clreenlan.l, are l.85
billion -vears olci. So there is a srn:rll windo'"v in which liie kick-startetl.

Thcories of the origin of lile are as ,rlcl and as cliverse trs species. Micro'
organisrns sr-rch as bactcrirt an.l protoztxt rvere first spottecl in the lTth
centrlrv, rvhcn the nicroscope u'r'ts invcntecl. Thc :rppirrent sirnplicity of
h:rcteriil letl scierrtists t() sLlppose that the blot'ts hatl gro\\'/n sl()1ltane.trsl-v

liom inanimltc nlatter. Br-rt then they wcre seen t() replcate, suggesting

that life tn,u.59h-generating. In l8(r1, Louis Pastcttr tried antl fiiiletl ttr
creiltc bacteria trorn sterile ntrtrient-nch hroth. Ruilcling the filst orgrtttisur

u'as prohIernatic.

Chirrles l)urwin :r.ldresse.l the issue of the origin of lif'e in a lettcr t,r
h()tirnist Joseph Hooker in l87 l : it ma-v htrve hegr-rn in a 'u'rrru little poncl,

rvith all sorts ()f irlnrnoniir nntl phosphoric sirlts, lights, heat, elcctricitl', etc.

prcsent, so th:rt a pr()tein cotnpottn.l was chernicallv forrne.l rc:ttl,v ttr

tundergo still rnore complex changcs'.

Louis Pasteur fails to create
life from a nutrient broth

Charles Darwin ponders
his 'warm little pond'

I
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6ft i* no valid ohjeetion tha,t scienee as yet tlrrows no
hght on t'he far higher problem of the essense or origin
of IifG. Who ean expfain gravity? No one nour objects to
bllowing out the iesult3 cons6guent op this unirnourn

element of attraction ...?
Charles llarmin

Primordial soup l):rnvirr's explanation is cLrse to rvhat scientists
believe tociay, u'ith one irnl.rortant atlclition. Lacking plants irnd l.iological
sources of oxygen, the e:rrly E:rrtl-r's iltrnosphere wrls r.rx-vgenless, Lrnlikc.

today. It containerl rlethanc, .rn'lrr\)nirr, \\'lltur Jn(l othel gases th,rt fav,rtrret'l

certain t)'pes oichemical re:rctiotts ove'r <rthets. In 1924 Alcxanrler Oparir-r

suggested that un.ler thcsc cr',nclitions a 'prirner':rl soup of nrolecrrlcs rnight
have been creilted'' Those satne pr()ce.\\e! w,r,-rl.l be preyente(l frgn taking
place non' ir1 ()r.lr (rx)'gen-ricl'r :rtrnosphcre.

Conditions on the earll Eirrth were licll-like as ref'lcctctl in tl-rc geologic:rl
natne givcn to the epoch, tl-re Hlrrlean pericrtl. Cottrurg irrt(\ cNrstcr'te e itb

soon as 200 urillion ycars after- thc Eartl-r's firlmation, thc oce:.rns u,ere

initially l.,riling h()t irnd irci.lic. The latc hcavl b,nrl.:rr,,lrnent was r)ng()ingi
so astcroi.ls rvill hrrvc frcqucntly crlshed itr the planet's surfircc. Tulbulent
rveather, inclutling electric st()n))s ill)d .lclr-rges trf rain, ma.le tl're place
inhospitahlc. Yet tl.rcse c,lr.iiti,lrs might have lreen conclucive to litc. The
nlriatl org:rnisr-ns thrt li'u'c ar,run.l .lccp retr vcnts ()n the marine tLrol shou'

tl'rat b,riling water rrnJ .larkr-ress arc no bilrrier, providing there :lrc enough
nutrients. Even so, tl-re first orgnnisms ha.l to dcvclrp somehorv tron'r

conrplcx rnolcc,-rles.

The h,rstile colrditi()ns o1- tl.rc e:rrly E:rrth might l-ravc been suitccl to
creilting organic m.rlecules. Laborirt,rry cxpcritnents in 1951 bv Stlnlel'L.
Milieranel Llar,rld C. ULey sh,rr.ved that srriallmoleculcs basic to lifb, strch

as atnino aciJs, can he crc:rtcd frr,tn a nrixture of gases - tnethlue, arnrnonilr
ancl h1'dr,,gcn - b1. pirssing clectricitv thr,rugh it. Scicntists have got littlc

Fred Hoyle promotes
'panspermia'

Huygens probe
lands on Titan

Launch of Europa
m iss ion

Miller-Urey experiment
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Huggens proba
The Huygens space probe landed on the

surface of Titan on 14 January 2005, after a

seven-year journey. Contained inside a

protective outer shell a few metres across, it

carried a suite of experiments that measured

the winds, atmospheric pressure,

temperature and surface composition as it

descended through the atmosphere to land

on an icy plain.Titan is a weird world whose

atmosphere and surface is damp with liquid

methane. Huygens was the first space probe

to land on a body in the outer solar system.

firrtl'rer in thc ..leca.lt's siucc then, htxvcl'er. Thc architecttrr:tl stcp of
l.rriltling the first cclls from urolccr-tlcs is cl'rallcngitrg: potl-likc stnrcttrrcs

that nrir)'bc firrrnerl by lipl.ls iire ()ne sttggcstiot-t firr lt prccttrs,,r. Thc
pr()cesses..rf cell .livisitrn irnrl settir-rg uf 1lf 21 cl-rernical cngine - rnctal.olism

are still lur frt,m un.lclstt,otl. No or-rc hirs yet tnlt.lc r,t convit-tcing 1-rrttttt-ccll
frour scnttch.

Panspermia Ar-r altcrnutive possibilitv is thurt thc ct,tnplex tntrlccr.tlcs,

ar-rcl perhaps sinrl.le biological organisrns, originatctl ilr space. Artrurrtl tl'rc

siime tin)c that tl-rc Miller Urcy cxpcnnrent rvus pt-rfirrtneti, ilstronourcr Frctl

Hoylc r.vas prrshing the idea of 'f:tnspertnia' - proposing tl-rat life on Ent'tl-r

u':rs scc.letl hy lnctcorite irncl ctrtttet itnpacts. Alth,rtrgl'r tl-iis might sectn firr-

f'etchcrl, spircc is full t,f rn,rlecttlcs, st,tne of tl-rctn cotnpl,:x. The arlirto :rcitl

gl),cinc was tletectc.l ir-r 2009 in tnilteri:rl ejectctl frotn C,ttnct \7ild-2 that
n'as sirrrplctl ancl br.rtrght l,ack t,r Earth by NASAs Stirrl.trrst probe.

To lerrrn rnorc uhout c,rn.litions that might strpport c:rrly iirrms of life , ancl

h,,u' rnolccules tnight hin'e sl-,reacl, astr()hi()l()gists nrc keen to txpli;ps ksy

places ir-r..rur s,rlur s)'stcrn. Mars is thc prtrnary target. Alth()trgh its sLrrirce is

tlry toclay, it is thorrght to have been wct it-r tl-re past. Water icc littgers at it-'

icy poles irn.l Mars Rovcr itnages h:lvc rcverrlecl cvitlcnce that litlr-ritl u'ater

hirs flou'ecl ltt its stlrfircc, pcrh:r1-,s in srnall streill'ns or clue to :r fltrctr-rating

sul",terrancan water tairlc. Methane f-ilts heen clettcted in thc rctl pltrnet's

:rtln()sphere, suggcsting ir geoLrgical or perh:ps hiological origin.

Astrobiology tourism Sirturn's lilrgcst ln(x)n, Titrln, is iln()ther
Iocation that rnay he concltrcivc to life, ancl heirrs sirnilarities to early Etrrth.

Although lociltccl in the frozcu ()uter solilr s)'stel'n, it is sw:rthed in :l thick
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Smre great age of the Earth will appear
greater to man when he understand3 the

origin of living organisms a.nd the reasons
. for the gradual_dewelopment qnd
improvement of their orga,nization. S
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nitr.ge. atm.sphcre that c.r-rt:rir-rs 
'r,nv 

.rgaaic 
'r.lccLrles, 

inclurling
mcrhane . The M..r-r ri',s r,isirct'l in 2005 by a pr.be dr.ppe.l fronr NASAs
cassiri spucecraft, *'hich is in'cstig:rting S:rturn. The capsulc, .amc.l
Hu1'gens aftcr thc 17tl-r ccr-rtury l)utr:h physici-st *'ho discrovcrcd thc m,r,rn,
clesccn,-let] throrrgh the clotrcls of Titirn's iltutosPltcfc to land on its surtitcc t,t
irozen mcthanc. Tit:rn has ctx'rtirrcr-rts, slurcJ tlunes, lakes, antl perh:rps riycrs,
niacle of solid nnti lirltritl mcthane anrl etl'rane, r:rther than u':rter. S..,ne thilk
it c.uld hlrrl.,rur p.i'nitive lifc firrms strch :rs rlet}iane-cating bactcr.ia.

Anothcr ()f Stlttll'lt's tlt()()lrs, Encelirrltrs, is a popular irstrobiology tlcstinatier-r.
As tl-re Crlssini probe ilcu' past tl'ris ice-covcr-ed m,rrn, it spottccl a vast plune
of $':lter \::p()rlr cor'ning frttrtr cracks ncar its s,tuth l.,tlc. A warm sl-rot l.ektw is
releasing stcatn through vcnts, br,rken ()Pen ,rs thc moon is ftr,istccl b1, tidaL
ftrrces geuer:rtcrl by its proxirnity to S:rturn. It is possible that lifc cgLrl.l strl,iye
beneath the surircc r.r'l'rerc there is litluicl t,:rtcr.

The m.st likcll tlesti'ati.n for rl're ncxt f.cusetl astr.bi.l.gv mission is

Jupitcr's r''oon Europa, u'hich harl.ours a liclr-ricl wilter ()cc:ln hcneatl-r its
iiozen sLrrf:rce. Like Encelrdus, its surfircc is snrooth, inclicrting tl-rat it l-ras
reccntly bcen mcltecl. Fine cracks stripe it, suggcsting that it gairrs heat tt,,,
thr.ugh tidal flexing. Lifc rnigl'rt be sl'relterccl u,itl'rin rhis .ccan, par:rlleling
con.litior-is in the Earth's cleep seas irnd btrried icc lakes in Antarctic:r.
Astr.biologists p1211 t. send il space missi.r-r t. Eur.p:r in zozo to tjrill
tl-rrouch its ice irncl search for signs of lifc.

R;$x-ss ##3gk{g.#3ggffi**q"" $"s'Hmm,
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Fermi paradox
The detection of life elsewhere in the universe would be the
greatest discovery of all time. Physics professor Enrico Fermi
*ondered why, given the age and vastness of the universe, and
the presence of billions of stars and planets that have existed
for billions of years, we have not yet been contacted by any
other alien civilizations. This was his paradox.

Chattir-rg with his c,rlleagues over lut-rch in 1950, Fenni supl.roseclly irske.l,

'Where are thcyl'C)ur ou'n gtrlax-v contains billions of stirrs irnd there are

billions of gal:rxies in the universe, so th:rt is trillions of stars. If just a

frirctror-r of tht,se anch,rrcd plirnets, that's ir litt of pl:rr-rets. If a fr:rctior-r of
those 1.,lar-rets sheltered life , then therc should be miLlions of civiliz:rtions
out there. So why h:rven't we seen thernl Wh,v havcn't they got in totrch

u'ith usl

Drake equation In 1961, Fr:rnk L)rake wrote down :rn equation ftlr
the probability of a contactablc alien civilization living on antrthcr planet

in thc Milky Way. This is knowrt irs tl're Drake equ:rtion. It tells us that

there is :r chance that lve may cocxist with :rnother civilizatittn btrt the

prohability is still cluite uncertain. Carl Sagan once suggcstcd thirt as lnany

as a rriillior-r alien civilizirtions could popr-rlatc the Milky W:ry, br-rt he l:rter

rcvisecl this .l.rwr-r, and othcrs since l-rave estimated that the value is jr-tst

one, nilncly hutnans.

More thiln hrrlia century after Ferrni asked his question, wc have still henrci

nothi|rg. L)cspite out cotntttunicirti()n s)stclns, 11() one has callecl. Thc rnore

we expl,.xe ,rr.rr local r-reighhourhood, the lonelier it seetns. Ntl ctlncretc

signs of anv life, not evcn the sirnplcst bircteria, hnve been founcl on the

Fermi questions the absence
of alien contact

Drake devises his equation
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Moon, M:rrs, asteroids ()r the outer solar system planets and moons. There
are no signs of interference in the light from stnrs that could inclicate giant
orbitir-rg machines h:rrvesting energy frorn thern. And it is not because no
one has been looking. Given the stakes, there is great attention paid to
searching for extrarerrcstrial intelligence.

Search for life How u'oultl you go abour searching fcrr signs of lifel The
first way is to st:rrt l,xrking for microbes r.vithin our solar system. Scicntists
have scrutinized rocks frorn the Moon, but they irre inanimate bas:rlt. It hirs
been suggested th:rt meteorites from Mars rnight contain the remn:rnts of
hactcria, but it is still not proven that the ovoid bubbles in those rocks
hosted alien life :rnd rvere n()t contilminated after having fallen to E:irth or
produce.l by natural gcological processes. Camcras on spacecraft and
landers have scoured the surfaces of Mars, asteroids and now even il rnoon
in the outer solar systern Tit:rn, orbiting Saturn. But the Marti:rn surface is

dry an.l Titan's sr-rrti'rce is drenchecl in licluid merhane, though so far devoid
of life. JLrpiter's lnoon Europa rn:ry host seas of liquid water bene:rth its
frozcn surface. So liquid w:rter may not be so rare a colnlrloclity in the nllter
sol:rr systen, r:rising expecrirrions that one day life may be fcrund.

But rnicrobes are not going to call horne. What abor-rt more sophistic:rted
irnirnals or pl:rntsl Now that individual planets are being detected around
clistant stars, astrnnorners are plirnning on dissecting the light frorn them to
l'runt for chcmistry that coirld slrpporr or indicate life. Spectral hints of
()zone or chlorophvll rnight be pickecl up, but these will need precise

6outside intelligences, exploring the solar
systom with true impartiality, would be

quitc likely to enter the fun in-thoir rccordfi
thus: star X, strpctr_al ela^qp G0, 4 planete

plus debris.t
lsaac fisimuv, l96g

Antarctic meteorites hint at
primitive life existing on Mars
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r)bser1'111iil11r, likc th,rsc possihle with thc next gellcrltion of sf ace rnissi()ns

srrch as NASAs Tcrrcstrial Planet Fincler. Ttiese lnissi()ns niigl-rt fin.l rrs l
sister Earth t,ne .Lly, bLrt if they tli..l, woultl it hc popLrlrrtcrl with l-rr-nn:u-rs,

fish or.lir-rosaurs, or just contain elnpty, lifclcss contincnts ilnrl scirs/

Contact I-ifc on trthcr pl:u-rcts, everr Earth-likc or-rcs, rriight hlvc cvoh'c.l
tliftcrcr-rtlrt to that on E:rrth. It is not certain that aliens tl-rere u'oul,.l bc ahlt-
to cotntlunic:ltc \.vith us. Since r:rtlio :lnd ttlcvision hegan hnrarlcasting,
thcir sigr-r:rls l-rin'e l',een spre:rtlrng:rr1'rly frgtr-i Eartl-r, rrayelling 6utu'nrds 1t thc
spccrl of ligl-rt. So any TV ian on Alpha (lcnt:ruri (four ligl-rt years au'av)
u'oul.l l.c u,atching tl're E.arth chanr-rcls trorn firtrr,vears ag(), perhaps enj()ying
rcpe ats of thc fihr ()n:r,act. Rlack ancl u'hitc rrrtrvies rvould be rcachir.rg tl-re.

stirr ArctLrrLrs, anrl (-'l'rarlie Cl"raplin cotrkl l.e starring irt ALlebirran.

Eartl-r is giving off plerrty of sign:rls, it ltrtr have an antenna to pick thcm up.
WotrLln't other ac]r'irncetl civilizations do the sarnel l{aclio astr()n()1ncrs are

scotrring nearl)y stars fi)r signs of LrnnittLlrlll signills. 'lhe radio spectntru is

virst, s() they are frrctrsir-rg on frccluencies near key nirtur:rl energ_v transitions,
srrch as those of hydrogcn, wl'ricl-r shouLl be the sirme anyn'here in tl-rc

luniverse. Tl'rey are [rxrking firr tr:rusrnissions that are regulirr ()r stnlcturcrl
but are n()t nade by :rny known ilstr()n()tnical ,rbjccrs.

braKa eo/u*on
N= N* x fox n"x f,x f,x f"x f,

where:

N is the number of civilizations in the Milky
Way Galaxy whose electromagnetic
emissions are detectable

N* is the number of stars in the galaxy

fo is the fraction of those stars with planetary
systems

n" is the number of planets, per solar
system, with an environment suitable for life

{ is the fraction of suitable planets on which

life actually appears

{ is the fraction of life-bearing planets on

which intelligent life emerges

f" is the fraction of civilizations that develop

a technology that releases detectable signs

of their existence into space

f, is the fraction of a planetary lifetime
such civilizations release detectable signals

into space (for Earth this fraction is so far
very small).
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{O.r" Sun is one of 1fi) billion stars in our
galax5r. Our galaxy is one of billions of

galaxies populating the universe. It would
be the height of presumption to thinh that

ure are the only living things- in that
enormous immensity.S

Hd**.*gr- qra;g ffirm*n

In 1967, Englisl"r grrrrlr.r:rtc studentJocelyn Bcll got a frigl'rt in C)arubriclgc
rvhen she.lisc,rveretl rcgr-rlar l.ulscs,rf rutlio uin'cs coning frorn ii star. Sornc
thougl-ittl-risu'lsinrleetl antilicr-rMorscc,r.le,brrtir-rlrrctitn'rrsllrc\\ t)pe
of spln11i11* ncLltr()n stlr l)()\\'callc.l a pulsur. Becarrse this proccss of
scanning thtruslrn.ls of stirrs takes l long tiruc, a spccial progrartrlnc h:rs l.ccn
starred ir) the USA crrllcd SETI (Scarch firr Extrir-Te'rrestrial h-rte lliger-rcc).
Despite analvsit-tg ycirrs of .lata, the pr,rgrirrnrnc has nttt vet picke.l Llp i,r1ty

o,ld signlls. ()thcr r:rclio telesc,rpes seurch occasionally, btrt thcsc ttxr hiive
seen nothir-rg that .l,rcs not havc a nt()rc nruntlirnc origin.

Out to lunch So, givcn th:rt \\'c can think of rnany \\'irys t()
c()lr)nlllllicirtc and detect signs of lifc, lvhy might irny ci.u'ilizations not he

rctr-rrniug ,rur calls ,rr se ntling thcir or,vnl Why is Fermi's p:rnl.Lrx still trLrel
Thcrc irrc mur-rr,, ids'ls. Perhaps lifc or-rly exists frrr:r vcrl' 5[i1p1 tirne in an
a.lvancecl state where cornrnunication is possihlc. Wl-ry might this be l
Pcrhaps intelligerrt life always lvipcs ilse[f lyprt tlLrickly. Perl'raps it is seli-
destrr.rctive :ur.l .locs not survivc long, s,r thc chirnces of bcing uble to
cornnrunic:lte ancl havi|rg s()me()ne trcarb,v to cornrnrrrricilte t() afc vcry ktrv
incleetl. Or there rrrc ln()rc paranoiti scen:rrios. Perhaps aliens sirnply tlo not
wiint t() c()ntilct r-rs:rn.l lr'c arc cleliberately isolirtccl. Or perhaps they arc just
too busy arrtl ha.u'cr-r't g()t ar()ultd to it yet.

q,,H,"$.*.* {;.}d:F,ii t $:.$ q,ll {.}:'ifl*{$ $.g"9.q'r*C
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Glossa,ry
Abscllute zero l tcmferatrrre of

-27j .lcgrces (ltlrius; the coltlest
tcl[peratrrrc it is pttssrlrlc tO

:lttli1l.

Absorption line Gal in
spectruln ;rt l particrrlrrr
fI'ctlucncl' ol light.

Acceleration chirnge in
.,'tttr'tlttttr-'- \t l,'.111 ttt:t giVr'tt

timc.

Active galaxy :r g:rllx1
erhil.iting l'righ-energy f r()cesses

ilt its ccntrc .lriven h1, l
supcnrrlssive blai:k hi,lc.

Age of universe rrborrt l4
l.illion -vcrrrt oltl, .lctcrtniuctl
tr()nr rele ot erplrrrsiorr.

Atom smallest l.LrilJing l.hrck
of nr:rttcr th:rt cln crist
ir-r.lcpc nrlcntll.

Barlon l';rrtitlr'. 1;)il.lq ltl','l
electnrns, fr()f()ns lnd
neLltf()lls.

Black body radiation light
{1,'u ."'1".,' I'v,r I'l,t.l,,11..t
llf ()n0 telnpcrlf ufc.

Rlack holc !r:rvil.rr i,'rr;rll)
cxtrelrc region ftrm u'hich
liuht c:rnnot tsclpc.

Cepheid varill.lc stur uhosc

|criotl sc:rles lvith its
Irr r n ir rosi ty.

Constellation recognized
pllttern of sturs on the sky.

Cosmic microwave
background firint rnicrowave
ulLrrv corning from rrll over the
skl' from thc Big Bang.

Dark cncrgl t, rrtn , rl-cnt rgr rtt
clnpt)' sf :lce that cauSeS

slilcctilne to expancl.

Dark matter invisiblc material
,['ttrt.rl'lc,'rr]r' hv it: gr,rvitl.

Dif f racti.tn .f rc:r\lin1: .ur , ,1

u aves u,hen tl-rcv pass a sharp
e.lge or slit.

Dust in c()sllos, soot autl

farticulates that ebsorl. antl
re.lJen ligl'rt.

Electmmagnetic wave
trallsrnits cncrgy thr()r.rgh

electric and rrragnetic fie1.1s.

Emission line brightcning of a

sfccific light frcqr.rency in a

spectnrlD.

Energy quantitv that clictntcs
p()tctltiill ol change 1.1,beirrg

e xch,rngc.l.

Exoplanet plrnct orbiting a

star othcr th:rn thc Sr.rn.

Field rrr,rlrr. t r.. clcLtri(. {rilVIl\
ir lll( irll\,'l- Ir;rtt.tttil t ttt! :t L,rt t

at ir rlistancc.

Fir:ion tlrc .1'lirrirrg ;rl\,rrl,,1

hcir','r' nuclei ir-rto lighter ,rnes.

Force liit, push or pull th:rt
changes something's lr()ti()n.

Frequency the ratc at ll'hich
wa\re cresfs p:rss some p()int.

Fusion thc L\,nll.ilnrti()ll \,t

light nrrclei to muke heavier
oltcs.

Galaxv .r .l, litrt.l rr,,lrlrlg ,\l

miLlions of st:rrs, such irs ,rur

N,Iilky Wav.

Gas a clor-rtl of r-inhound flt()rns ()r

molecu Les.

Gravitational lensing tl're

hcnding of lir:ht ra)'s lrs the\,
travel pilst a massivc ohjc-ct.

Gravity :r fr.rn.larncnt:rl firrcc
bl,uhich objccts nttract ()r1c

anothcr.

Hubble constant ratc of
exprmsion ,rf the trniverse.

lnertia see lnirss.

Inflarion r t n r:rf i.l .n. llirrr: , 'l
tLllit cr>r' in lir:t lrrtrtit'tr cl .t

seconr.l.

lnterference tl're comhining of
wavcs of tliffe rcnt pl'lrses that
m:rv rcinfirrce ,rr cance L out e:rch

other.

Ion :rn atom r','ith clcctric
chirrgc ,ltrc to the Lrss or
:r.lJition of :rn electrrrn.

Isotope elcrncnt firrtls u,ith
dificring nuclc:rr rnasscs dllc t(l
cxtr:I t)eLltr()11s.



Isotropy unifom distrihution
of .ourcthing, c.'enh slrc,r.l.

Light elements first {eu

elemcnts firrmed in big bans:

hv.lr,'gcn. lr. lirrlrr. lir lri'rrr.

Mass lrttril.rrre .l t,r nurnt tr,,f
:ll(rlll\ \)l- e.llli\,ll( l)l cl)( r{\ ill

s(xnef I\inS.

Molecule c(lDhin:rti()n of :rtorrrs

helil together b1' chcrnical bon.1s.

Momentunr rlrt protluct of mitss

antl vcliritt that cxprcsscs hrru'

hirr.l :t is t() stop s()methll-rg ()ncc

tnoving.

Multiverse s)'stcrn ()f tn:ln)'
paraiiel hut scfuriltc uttivcrses.

Nebula a firz:v cloLr.l olgas or

'l:rr.l t:trlr t).llr( t{'r g.rl.l\\.

Neutron star a c()llafsed husk
,lf a l.ttm,:.1 ()Llt stirrr -sulfol'tcJ
bt rlr.r,rnttmr f ressLrre.

Nucleus har.l ccntml corc ,,f
rilt zlt( )ln llli)!le ()f |r()t()ns ilnLl

neU tr()ns.

Nucleosvnthesis the
tirmr;rtion of clcrrrents l-t'

nrrcLc,rt tirsirur.

Orbit tlr. rirrg-likt p.rrlrL'l .t

bi,.ly,,rftcrr clliptical.

Phase thc relatn c sl-rifi in
n'avelcngtl'r betri,'ccn tl'rr- peaks ot

Photon liuht rnalrrfrstrng lrs a

lirrl iCl( ,'r I'it( k( l (,1 ( l)\'rI.\.

Planet tr sclf-gravitating,
c,rhiting l1r1l1 11rir sr.nall t'r
untlergo fusiot-r.

Pressure firrce pcr unit area.

Pulsar a spinning, magnetizcrl

llclllrL\l\ .titr fltrr( >( ll\1.,rtll

r:rclio pulscs.

Quantum mechanics tl-rc L:ru's , rf

the suh'ittomic wi,rl.l, manl-of
u,hich are countcrintrritivc hut
fr rlkru' rnrrtht'niutit:aI nrles.

Quantum pressure a

trrnclamr-ntal lirnit driven l.), the
nrles of cluanttnn rnech:rnics thlrt
prr'\'ents s(nnr' typcs of particlc-s

fr,,trr t xi.l tttg ttt i.lcttl it,rl .lirtc. irt

ck rsc proxinrity.

Quark rr funtliuncntirl pxrticlc,
threc of rvhich cornbir-rc t() rnllke
ul l]r()t(rls allll lleutr(n)s.

ReJshift [r(\lrr!nc\ Jr,'l','ll 
"

reccJing ohject cluc to
e\plnsi{ )11 tlf Lrnivcrsc.

Reflection rrvcrsrrl of a u':rr u

as it hits an impenctrablc
strrtircc.

Refraction l.rntlir-rg,ri *'irves,

such thrrt ther,slou tllvn in
.lenser me.lia.

Spacetime gcrttnctric s|itce
comhinctl r.r'ith tim.' in onc
functiorr in relativrtr'.

Spectrum scLIucncc ()f

clcctr()lnagnL-tic u'aves, frorn
ra(ii() to gamnlil ra)s.

Standard model lcccpteci
ttrctrrt rrf iurilrt. 0f

f untlaurental lurticles.

Star a hell of girs Lmtlcruoitrg

lLlsi()l) ilr it. ct,rc.

Supcrnova cxlll()sii)lt r)t' ir

rif int strr u'hen firsi()l) st()ps.

Supennassive black hole a l.luck
holc u'itl'r l))llss crluivlllcnt t()

millions of stru's.

Temperature in Kelr in,
lt)eirsurc(l relattvc to 11hs111111g

:er,r (-27 I "(l).

[Jnivcrst rlll 1,1 .1',1i. ;rtt.l ttttt. ,

by clcf initi, 'rr inclurling
cVerVthiltg.

Vacuum rlnpt) space,

ctrut;tining r\() irt()llt:i ()utcr

splce isn't c,rnrplctei1 cm1.tl.

Velocity sfectl rn a pirrticulilr
.l irec t i, lr .

Wavelength tlistirncc l.etq'ecn
thc crc-sts irf l u.':tve.

Wave-particle duality
bchin'ior-rr, |articuLerh',ri lighr,
that that is sonrctimes ri'lvc-like
irnLl at ()fhcr times like a plrtic[c.
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