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Preface

My purposein writing this bookis two-fold. First, mary non-
specialistaskmeto explainthemirror matterideaandthescientific
evidencefor it. Second,scienceis so specializedthesedaysthat
mary peoplewho know alot aboutonefield oftenknow little about
another Mirror matter if it exists, would leadto ratherimportant
implicationsfor several scientificfields,including: particlephysics,
astrophysicszosmologymeteoriticsandplanetaryscience.Thus,it
seemedo methataninterestingchallengevould beto write abook
explaining the motivation for mirror matterandits evidencewhich
couldusefullysene thesetwo communitieqthatis, bothspecialists
and non-specialistalike). Sucha venture,though,is not without
risks of variouskinds. Let me stateat the outsetthat the mirror
matterideais not establishedact; it is an exampleof cutting-edge
sciencein progress.It is my hopethat peoplewho readthis book
will be infectedby, or at leastunderstandmy enthusiasnfor this
subjectandwhy | think it is oneof the mostinterestingquestionsn
scienceatthemoment.

The procesf writing this book gave methe opportunityto re-
think mary of theoriginalarguments Some'gaps’in my knowledge
werefilled in, andafew new directionsexplored. Somematerialis
thereforecompletelynew, althoughmostof it hasappearedn the
technicalscientificliteraturepreviously. | have only cited this sci-
entific literature sparingly but neverthelesd have ende&ouredto
properlycreditthe peopleresponsibldor the mainoriginal ideas.

It seemsonly yesterdaythat | learnedas a studentthat mirror
reflectionsymmetrywasnot respectedy the fundamentainterac-
tions of nature. Electronsand other elementaryparticlesare, in a
sense,left-handed’. Although mostscientistshave simply cometo
accepthatGodis ‘left-handed’,somehw it alwaysbotheredme....
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Onesunry afternoonin May 1991a ratherremarkablehought
occurredto me. While playingwith an unrelateddea, it suddenly
struckmethattherewasa subtleyet simpleway in whichmirror re-
flectionsymmetrycouldstill exist. Natures mirror could be unbro-
kenif eachtype of ordinaryparticlehasa shadevy mirror partner
Theleft-handednessf the ordinaryparticlescouldthenbebalanced
by the right-handednessf the mirror particles. So thereyou have
it, mirror reflectionsymmetrycanexist but requiressomethingpro-
foundly new. It requiresthe existenceof a completelynew form of
mattercalled‘'mirror matter’.

At first, it seemedoo fantasticto really exist. Yet, over thelast
few yearsit appearghatalmosteveryastrophysicaandexperimen-
tal predictionof the mirror mattertheoryhasactuallybeenobsered
by obserationsandexperiments:Thereis fascinatingevidencefor
mirror matterin the Universefrom astronomicabbserationssug-
gestingthatmostof our galaxyis composef exotic dark material
called‘dark matter’. Recentparticle physicsexperimentshave re-
vealedunexpectedpropertiesof ghostlyparticlescalled‘neutrinos’
andweird matteranti-matteratoms. This unexpectedbehaiour is
expectedif mirror matterexists. Most remarkableof all is the evi-
dencethatour planetis frequentlybombardedy mirror matteras-
teroid or cometsizedobjects,causingpuzzling eventssuchasthe
huge1908Siberianexplosionwhich felled morethantwo thousand
squarekilometresof native forestswithoutleaving asinglemeteorite
fragmentbehind! Altogetherl will discussseren major puzzlesin
astrophysicandparticle physicseacharguingin favour of the mir-
ror matterhypothesisThereareindeedsevenwondersof themirror
world...

New datafrom currentandfuture experimentswill keepcoming
in even asthis book is being printed. Unfortunately I am not a
fortuneteller anddo not know what thesefuture experimentsand
obserationswill find. However, | canpredictwhatthey will find if
mirror reflectionsymmetryandhencemirror matterexists. Thecase
for mirror matterwill thereforeeitherstrengtheror wealenasnewn
datacomesin and future experimentsare done. In the meantime,
| adviseyou to sit back, relax and let me take you on a journey
exploring oneof the boldestscientificideasever proposed.



Prefice iii

No scientistworks in isolationand| am no exception. | have
hadfruitful collaborationson mirror matterwith a numberof very
creatve people,including Segei Gninenlo, Sashadgnaties, Henry
Lew, ZurabSilagadzeRay VolkasandT. L. Yoon. | have enjoyed
interestingcorrespondencen some aspectsof this subjectwith
SegeiBlinnikov, ZdenekCeplechaandAndrei Ol'khovatov. In ad-
dition, I wouldliketo acknavledgeinvaluablesupporiovertheyears
from mary friendsandcolleaguesncludingin particular Pasquale
Di Bari, JohnEastmanGreg Filewood,Dave Howland,Girish Joshi,
Matthen Tully, andNick Whitelegg. | amalsogreatfulto mary of
theabove people andalsoJaciAndersonandGlenDeenfor provid-
ing me with usefulcommentson the manuscriptand Tony Nguyen
for helpingwith thecover.

Of course,l thankmy family mostof all. It is to themthat |
dedicatethis book.

RobertFoot
August2001
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There are more thingsin
Heavenand Earth, Horatio, than
are dreamtof in your philosophy

William Shalespeare- Hamlet.

PART |

Why Mirror Matter?






Chapter 1

| ntroduction

Shortly beforehis deathin 1727, 1saacNewton reflectedupon his
life andwrote!:

| don’'t know what | may appearto the world, but, asto
myselfl seemto have beenonly like a boy playing on the
seashore,and diverting myself in now andthenfinding a
smoothemebbleor a prettiershellthanordinary whilst the
greatoceanof truth lay all undiscaveredbeforeme.

More recentlyin StephenHawking’s a brief history of time it is
writter?:

| still believe that thereare groundsfor cautiousoptimism
thatwe may now be nearthe endof the searchfor the ulti-
matelaws of nature.

The contrastbetweenthe currentLucasianProfessorand the for-
mer holderof that positionis striking. Hawking is not alonein his
propheg. It hasbeernrepeatedvith monotonousegularity sincethe
daysof Maxwell (1865).Onedayit maycometrue,but thatdayis a
longway off. | believe thatarevolutionin sciencemaybeimminent.
In fact, over the lastdecadeyemarkablesvidencefrom astronomy
(studiesof the very big) to studiesof the elementaryparticles(the
very small) suggesthat a completelynew type of matterexists —
‘mirror matter’. The bestideasin scienceare usuallyvery simple,

3



4 Introduction

andfortunatelymirror matterbelongsto this cateyory. | believe that
theideasandthe evidencecanbe appreciatedy aryoneinterested
in science.

In the processof uncovering mirror matterwe will encounter
mary recentandunexpecteddiscoveries,including:

e Invisible starswhich reveal their presencéy gravitationally
bendingthelight from moredistantstarsbehindthem. | will
arguethatthesdnvisible starsaremadeof mirror matterwhich
cansimply explainwhy we don't seethem.

e Planetsorbiting nearbystarswhich are eight timescloserto
their star than the distanceMercury orbits the Sun. | will
suggesthattheseunexpectedplanetsareexpectedf they are
madeof mirror matter

e Bizarre, apparentlyfree-floatingplanetswanderingthrough
space. They canbe more naturally interpretedas ordinary
planetsorbiting mirror stars but | couldbewrong!

e Strangeandunexpectedoropertieof elementaryarticlessuch
astheghostlyneutrinos.Theseparticlesareemittedfrom the
Sunandin otherprocessesHowever, half of themaremiss-
ing! The missingneutrinosmay have beentransformednto
mirror neutrinosasl! will explain.

o | will alsodiscussastrangeclassof ‘meteoriteevents’suchas
the hugeSiberian1908 explosionandothersimilar suchex-
plosions. Thereis evidencethat theseexplosionsare caused
by the randomcollisions of our planetwith orbiting ‘mirror
matterspace-bodies’Most remarkableof all is thereal pos-
sibility thatmirror matterremnantsnaystill bein theground
today! Needlesgo saythe possibleusesof this new type of
matterarenotevenimagined...

By the way; this is a (generally)seriousscientificbook. However,
unlike other ‘seriousscientific books’ this book doesnot claim to
revealthe ‘mind of God'. In fact, not mary ridiculously grandiose
statementsvill be madeat all. Rather it is simply a book about
mirror reflectionsymmetry— andits far reachingmplications.
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Symmetryis a word frequentlyusedin everydaylanguageand
we areall avareof whatit means Examplesf symmetricabbjects
abound:flowers,butterflies,snavflakes,soccemallsandsoon... In
fact, assomeof theseexamplesillustrate, symmetryis often asso-
ciatedwith beautyandvice versa.lt is perhapsot surprisingthen
that symmetryplaysa pivotal role in our understandingf the ele-
mentaryparticlesandtheir forces,but let me startat the beginning.

Thereare mary distinct typesof symmetry The symmetryof
a mushroomis completelydifferentto the symmetryof a butterfly
which in turn is completelydifferentto the symmetryof a soccer
ball. A butterfly is an example of the mostfamiliar symmetry—
‘left-right’ symmetry This symmetryoccurswhentwo equalpor
tions of a whole arethe mirror imageof eachother For obvious
reasonsthis symmetryis alsocalled‘mirror’ symmetry A soccer
ball is anexampleof anothertype of symmetry- rotationalsymme-
try. In fact,it is anexampleof anobjectwith threedimensionalo-
tationalsymmetrybecauseotationsaroundary axis do not change
the appearancef the ball. Finally a straightfenceor railway line
areexamplesof objectswhich displayanothertype of symmetry—
translationalsymmetry A railway line or fencelooks the sameas
we move alongit.

Fortunatelythe everydayusageof the conceptof symmetryis
exactly the sameasits technicalusagein science. Although it is
oftenusefulto describesymmetryin amathematicalvay—thisneed
not concernus. Herewe needonly discusghe ideasandconcepts
which is enoughto glimpsethe beautifulworld of the elementary
particlesandtheir interactions.

Most peopleare aware that ordinary matter: you, me and ev-
erythingelsewe see,exceptlight itself, is composedf atoms. Al-
thoughatomsare very tiny, approximatelyone ten millionth of a
millimetre in size,they arestill not the mostfundamentabuilding
blocksof matter Atomsarenotelementanentities.Eachindividual
Atom is madeup of electronsanda compacinucleuswhichin turn
is madefrom protonsand neutrons. Thereare about100 different
typesof atomsdependingon the numberof electronghatthey con-
tain. Thescienceof atoms how they interactwith eachotherto form
moleculesandhow differentmoleculesnteractwith eachotheris of
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coursethe scienceof chemistry However, we will not be involved
so muchwith chemistrybut with the mostfundamentabf the sci-
ences- physics. Onething that physicsis concernedwith is the
mostbasicquestionghatcanbe asled. For example,whatarethe
propertiesof the elementaryparticles: protons,neutronselectrons
from which all matteris made?How do theseparticlesinteractwith
eachotherandwith light?

Onethingthathasbeenearnedovertheyearss thattheinterac-
tionsof elementanyparticlesdisplaya variety of symmetriesSome
of thesesymmetriesare quite familiar suchasrotationalsymmetry
andtranslationalsymmetry Thus,the laws of physicsremainthe
samewhethemwe arein Melbourneor in Moscawv, whichmeanghat
Russianphysicstext booksare usefulin Australiaand vice versa
(afterthey aretranslated...)In additionto translationsn spacgand
translationsn language!)we canimaginetranslationsn time. The
laws of physicsare the sametoday asyesterdayor even a century
ago, however our knowledge of theselaws generallyimproves as
time goeshy. Hence,physicstext booksare not the sametoday
asa centuryago, yet the laws of physicsarethe same. Thereare
still othermoreabstracsymmetrief theelementaryparticleinter-
actions. Theseare called ‘Lorentz symmetry’ and ‘gaugesymme-
try’, which are neverthelesgjuite eleggantand naturalonceyou get
to know them.

Progressn sciences rarelyasmoothcomfortablgourney. Rapid
progresgenerallyoccursin brief intervalsusuallythroughnew and
unexpectedexperimentalresultsand sometimeghroughnovel the-
oreticalideas. Of courseprogresss mostrapid whentheoryand
experimentmove togetherin harmory. Oneof the mostremarkable
theoreticalideasof the 20" centurywasthe discovery of relativ-
ity theoryin 1905 by Albert Einstein. Spaceandtime were uni-
fied with time becomingthe fourth dimension. Einsteinsuggested
that the laws of physicswere symmetricalunderrotationsin this
four dimensionalspace-timeratherthanjust the threedimensions
of space Thepredictionsof thistheory suchasmoving clocksmust
runmoreslowly, have beenexperimentallyverifiedwith tremendous
precision. This is possiblebecauseEinsteins theorynot only tells
us that moving clocksrun moreslowly, but it tells us exactly how
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muchmoreslownly! This four dimensionalrotationalsymmetryof
space-timas called‘Lorentz symmetry’ .

There are four known fundamentalforcesin nature: gravity,
electromagnetismyeakandstrongnuclearforces. Gravity is quite
familiar to mostof us. It keepsour feeton the ground,it keepsour
planetandall the otherplanetsin our solarsystemin orbit around
the Sunandit keepghe Sunin orbit aroundthe centreof our galaxy
Electromagnetisns nolessimportant-while it is gravity thatholds
us down, it is electromagnetisnthat stopsus from falling through
the floor. It is alsothe force responsiblefor electricity and mag-
netism. While the weakandstrongnuclearforcesarelessfamiliar,
they areneverthelesgquallyfundamentaandimportantastheother
more familiar forces. For example, the weak and strong nuclear
force providesthe enegy which powersthe Sun,withoutwhich our
planetwould betoo cold to sustainlife.

Todaywe know thatthreeof theseforces,electromagnetisnthe
weakandstrongnuclearforcesare,mathematicallyvery similarand
fairly well understoodGravity, onthe otherhand,is quite different
andits relationto the other forcesis somevhat mysterious. One
reasoris thatgravity canbedescribedn geometricatermsasacur
vatureof four dimensionalspace-timewhile the otherthreeforces
aredescribedn termsof symmetrieon anabstractinternal’ space,
whichis nothingto dowith ordinaryspace-timehatwe know about.
Thesepeculiarsymmetrieof the electromagnetioyeakandstrong
nuclearforcesarecalled‘gaugesymmetries’.

Evidently symmetriesareratherimportantin understandinghe
elementaryparticlesand their forces. However, it is pertinentto
recallthatthesesymmetriesverenot alwaysso obvious. | have al-
readymentionedhe caseof Lorentzsymmetry—theratherabstract
ideathat spaceand time can be treatedmathematicallyas a four
dimensionabpace-timeln fact,afterthediscovery of relatvity the-
ory and Lorentzsymmetry an English Physicistcalled Paul Dirac
uncoveredabig problem.In thelate 19205 Dirac noticedthata mi-
croscopicmathematicabtlescriptionof the electronconsistentwith

"In additionto Albert Einsteinsinsight,importantcontributionsto therelativity
theoryweremadeby others,jncluding: HendrikLorentz,HermannMinkowski and
HenriPoincare.
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Lorentz symmetrywas not possible,unlesssomethingcompletely
new existed. Nothingshortof a new form of matterwasrequiredto
reconcileEinsteins relatvity theorywith the quantummechanical
theoryof the electron.This new form of matter called‘anti-matter’
wastherebytheoreticallypredictedto exist.

Specifically Dirac predictedthatin additionto the particlesthat
make up ordinarymatter—the electronsprotonsandneutronsanti-
particles called ‘positrons’ (or anti-electrons),'anti-protons’ and
‘anti-neutrons’shouldall exist. The symmetryrequiredeachtype
of anti-particleto have the samemassas the correspondingpar
ticle. Positronsand anti-nuclei(madefrom anti-protonsand anti-
neutrons)shouldform ‘anti-atoms’. However, anti-particlesshould
annihilatewhenthey meetordinaryparticlesproducinggammarays
(high frequeng light). History tells usthatexperimentsshortlyfol-
lowed which dramaticallyconfirmedthe existenceof Dirac’s anti-
particles.First, the discovery of the positronin 1932,andlater, the
discovery of anti-protonsin the 19505. Anti-matteris not science
fantasybut sciencereality. Clearly theideaof symmetrycanhave
remarkablemplications.

This bookthough,is concernedhot with Lorentzsymmetrybut
with left-right or mirror reflectionsymmetry Let usnow briefly look
atthehistoryof this symmetry Before1956physicistshadassumed
thatthe laws of physicsweresymmetricunderleft-right symmetry
This would meanthat for every fundamentaimicroscopicprocess
thatis known to occur the mirror imageprocessshouldalsooccur
In factleft-right symmetryis suchafamiliarandplausiblesymmetry
of naturethatit wasnever seriouslyquestionedintil variousexperi-
mentalpuzzlesbeganappearingn the 19505. Thesepuzzleded T.
D. LeeandC. N. Yangto suggesthatthe weaknuclearforce does
not display left-right symmetry They proposedan experimentto
directly testtheideainvolving the g-decayof anunstabldsotope...

At thetime, mostscientistsdidn't expectthat mirror symmetry
couldreally be broken. The prevailing scepticismwassummedup
by WolfgangPauli whenhewrotein Decembef 956

| amhowever preparedo betthatthe experimentwill bede-
cidedin favour of mirror invariance For in spiteof Yangand
Lee,l don't believe thatGodis aweakleft-hander
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However, Pauli wasnotsofoolish asto let his beliefsgetin theway
of science.He did agreethat experimentsshouldbe doneto check
it4:

| believein reflectioninvariancean contrasto YangandLee...
Betweerbelieving andknowing is adifferenceandin thelast
endsuchqguestionamustbe decidedexperimentally

The experimentsuggestedy Lee and Yangwas performedin
1957by C. S.Wu andcollaboratorsin this experimenta numberof
cobalt-60atomswerecooleddown to nearabsolutezeroKelvin (the
lowestpossibletemperatureandplacedin a strongmagneticfield.
Cobalt-60is anunstabldsotope.Ordinarily, Cobalt-60decaysemit-
ting an electronwith ary directionequallylikely. However, under
theseextremeconditions,the electronsshouldbe equallylikely to
emege from the two polesof the magneticfield — if thefundamen-
tal decayprocesdlisplayedmirror symmetry Yet, it wasobsered
that more electronscameout from onedirectionthanthe other If
we obsered only one nuclei decayingwe could not say anything.
Mirror symmetrydoesnot meanthat eachsingleinteractionor de-
cay processs the sameasits mirror image— it is not. Mirror sym-
metry meansthat the mirror image processcan occur and should
occurwith equalprobability Therefore by observingalarge num-
berof decaysf Cobalt-60we caneasilydeterminevhethermirror
symmetryis violated. Theremarkableconclusionwasthat the fun-
damentalaws of physicsappeartto be ‘left-handed’. This is really
very strange Every otherplausiblesymmetry suchasrotationaland
translationasymmetry arefoundto be microscopicsymmetrieof
particleinteractionsCannaturereally beleft-handed?

Are they, the fundamentalaws of physicsthatis, really left-
handedor do they only appearto be left-handed?Remembeiour
earliercommentsaboutLorentzsymmetry At onetime this sym-
metry did not appearto be a symmetryat all. This was because
anti-mattethadyet to be discovered. Only whenyou have particles
and anti-particlesis it possibleto write down a consistentmicro-
scopictheoryfor theinteractionf theelectron protonandneutron
whichrespectd.orentzsymmetry Remarkablyit turnsoutthatit is
still possiblefor particleinteractionsto be symmetricundermirror
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or left-right symmetry Justas Lorentzsymmetryrequiredthe ex-
istenceof anti-matter left-right symmetrycanexist if andonly if a
new form of matterexists— mirror matter

Often, it seemghatnatureis moresubtleandbeautifulthenfirst
imagined.It couldbethatnatures mirror is of amoreabstrackind.
Imaginethat for eachtype of ordinary particle thereis a separate
‘mirror particle’. Thatis, not only do we have photons,electrons,
positrons,protonsetc., but also mirror photons,mirror electrons,
mirror positronsmirror protonsetc. We canimaginethatin natures
mirror notonly spaces reflectedbut alsoparticlesarereflectednto
thesemirror particles.Therelationshipbetweerordinaryandmirror
matteris somavhatlik e the relationshipbetweertheletters'b’ and
‘d’. Themirror imageof ‘b’ is theletter‘d’ andthe mirror image
of ‘d’ is theletter‘b’. Thus,while neither'b’ nor‘d’ is symmetric
(in a sensethey eachhave the oppositehandedness}pgetherbd’
is in factmirror symmetricwith thetwo lettersinterchangingn the
mirror image. Try it with a mirror andsee! Still, the mirror reflec-
tion of an objectappearssery similar to the original. It is perhaps
not surprising,therefore that the propertiesof the mirror particles
turnoutto bevery similarto theordinaryparticles.For example the
mirror particlesmusthave the samemassandlifetime aseachof the
ordinarypatrticles,otherwisethe mirror symmetrywould be broken.

In somewaysmirror particlesresemblanti-particles However,
thereis a crucial difference.Unlike anti-particlesthe mirror parti-
clesinteractwith ordinaryparticlespredominatelyby gravity only.
The threenon-gra&itational forcesact on ordinary and mirror par
ticles completelyseparately For example,while ordinary photons
(thatis, ordinarylight) interactwith ordinary matter(which is just
the microscopicpicture of the electromagnetidorce), they do not
interactwith mirror matter Similarly, the ‘mirror image’ of this
statementnustalsohold, thatis, the mirror photon(thatis, mirror
light) interactswith mirror matterbut doesnotinteractwith ordinary
matter Theupshotis thatwe cannotseemirror photonshecauseve
aremadeof ordinarymatter Themirror photonswould simply pass
right throughuswithoutinteractingat all!

The mirror symmetrydoesrequirethoughthatthe mirror pho-
tonsinteractwith mirror electronsandmirror protonsin exactly the
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sameway in whichordinaryphotongnteractwith ordinaryelectrons
andordinaryprotons. A directconsequencef this is thata mirror
atommadefrom mirror electronsanda mirror nucleuscomposeaf
mirror protonsandmirror neutronscanexist. In fact, mirror matter
madefrom mirror atomswould alsoexist with exactly the samein-
ternalpropertiesasordinarymatter but would be completelyinvis-
ible to us! If you hadarock madeof mirror matteron your hand,it
would simplyfall throughyour handandthenthroughthe Earth,and
it would endup oscillatingaboutthe Earths centre”. We cansafely
concludethatif therewasa negligible amountof mirror matterin
our solarsystem,we would hardly be awvare of its existenceat all.
Thus,the appaent left-right asymmetryof the laws of naturemay
be dueto the preponderancef ordinarymatterin our solarsystem
ratherthandueto afundamentahsymmetryin thelaws themseles.

Do mirror particlesreally make the laws of physicsleft-right
symmetric?Let us considera simpleandlight-heartedthought ex-
periment’involving againthe Cobalt-60decay Imaginetherewasa
mirror planetorbiting a mirror starin a distantpartof our Universe
(note that thereis only one space-time- thereis no ‘mirror Uni-
verse’).Let’'s call this hypotheticaplanet'Miros’. Miros is aplanet
madeof mirror matter— atomscomposedf mirror electronsand
mirror protonsandmirror neutrons.Miros is someavhatdifferentto
Earththough.It's a bit smallerwith deeperoceanshut thereis life
onMiros. Thepeopleof Miros areabit strangethey have verylarge
feetandonly have oneeye—butthey areveryhappy. They have wise
leadersvho would never dreamof putting nucleamissilesin space
andthey realisedvery earlytheimportanceof reducinggreenhouse
gases.On Miros a football teamcalled ‘Collingwood’ often wins
thefootball. Thus,Miros isn’t muchlike Earthwhichjustillustrates
thatmicroscopicsymmetryof particleinteractionsloesnottranslate
into a macroscopicymmetry

"Later! will discusghepossibilitythatanew typeof interaction(or force)could
exist couplingordinarymatterto mirror matter If thisis the casejt mayactually
bepossibleo pick upamirror rock, althoughit would still beinvisible. Clearly, the
consequencesf suchaforceareveryimportantandit will beconsideredn chapter
5. However, in orderto keepthisintroductorydiscussiorassimpleaspossiblethis
possibility hasbeenignored.
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Anyway, our mirror matterfriends on Miros realisedthe im-
portanceof purescienceiheir wise governmentalways madesure
thatfinancialsupportwasgivento thosemirror scientistsvho hada
researchrecordconsistingof interestingandinnovative ideas. One
daysomeonen Miros hadtheideathatthey shouldtestwhetherthe
fundamentalaws of naturearemirror symmetricor not. Sothey set
up their Cobalt-60experimentwith a similar experimentaketup as
wasdoneby peoplehereon Earthin 1957.But whatthey foundwas
somethingyuite different. They foundthe mirror imageresult. That
is, they foundthatthemirror electronsveremostlyemittedfrom the
decayingCobalt-60mirror nucleusin the oppositedirectionaswas
foundhereon Earth.Our mirror friendson Miros concludedhatthe
laws of physicswereright-handed.

Thelawsof physicscannotbothbeleft-handedandright-handed.
Ordinary particlesform a left-handedsector mirror particlesform
aright-handedsector Taken together neitherleft nor right is sin-
gledout, sinceordinaryandmirror particlesareotherwisedentical.
(Thisis muchlike theletters'b’ and‘d’; ‘b’ representsheordinary
particlesand interactionsand ‘d’ the mirror particlesand interac-
tions). However, if mirror particlesdon't exist arywherein the Uni-
versethenthe laws of physicsareindeedleft-handed.Similarly if
the Universewasfull of mirror particleswith noordinaryonesthen
thelaws of physicswould beright-handedbut if bothordinaryand
mirror particlesexist togetherthenleft-right symmetryis restored.

Thebasicgeometrigointisillustratedin thefollowing diagram.

Nature’s Mirror

The left-handside of this figure representshe interactionsof the
known elementaryparticles.Theforcesaremirror symmetriclike a
perfectspheregxceptfor theweakinteractionwhichis represented
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asaleft hand.Also shavn is nature$ mirror - theverticalline down
the middle. Clearly the reflectionis not the sameasthe original,
signifying the fact that the interactionsof the known particlesare
not mirror symmetric. If therewerea right handaswell asa left
handthenmirror symmetrywould beunbrolenwithoutthe needfor
new particles:

However, this doesnt correspondo naturesinceno right-handed
weakinteractionsareseenin experiments.

Therearetwo remainingpossibilities: We can eitherchopthe
handoff —but thisis too drasticandis thereforenot shavn. It corre-
spondgo having no weakinteractionsat all, againin disagreement
with obsenrations. This last possibility consistsof addinganentire
new figure with the handon the otherside. Everythingis doubled
eventhe symmetricpart,which is clearly mirror symmetricasindi-
catedin thefollowing diagram:

OO =00

It is thislastpossibilitythatmay correspondo nature.

While the mirror mattertheoryis simple,elegant,andthe idea
hasbeenknown for alongtime, it is only in thepastdecadehatex-
perimentaland obsenrational evidencefor mirror matterhasgrown
to the pointwherea strongcasecanbe madethatit actuallyexists—
andhencethemotivationfor thisbook. Theevidencefor mirror mat-
ter is diverse rangingfrom studiesof the lightestand mostelusive
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of theknown elementanparticles-theneutrinosto obserationsof

thelargestsystems- galaxiesof starsin the Universe.After reading
this book the readerwill be aware of the evidenceand may make
his or herown judgement.At the very least,the questionof the ex-

istenceof mirror matteris one of the mostinterestingquestionsn

scienceatthe moment.andit shouldbe (hopefully)answeredn the
next five years.

In the following chapters] will provide the generalpicture of
how we canfind outif mirror matteractuallyexistsandwhy thecase
for its existencecurrently seemsso strong. Thereare broadlytwo
differentstratgies which canbe usedto testthe theory First, be-
causemirror matteris stableandbehaesmuchlike ordinarymatter
it shouldexistin theUniversetoday If onebelievesthatthebig bang
theoryis the correctdescriptionof the origin of the Universe,and
thereis someevidencefor that,thenmirror mattershouldhave been
createdalongwith ordinarymatterwhenthe Universewasborn. In
fact,independentlyf whetherthe big bangtheoryis corrector not,
the microscopicsymmetrybetweerordinaryandmirror mattersug-
geststhatwhaterer mechanisntreatedordinarymattershouldalso
createmirror matter In otherwords, an almostinevitable conse-
guenceof theideathatthe fundamentalaws of physicsdisplayleft-
right symmetryis thatmirror mattermustexist in the Universe.Fur-
thermorelike ordinarymatter mirror mattercanform stars planets
and asteroidsized objectswhich can populatethe hearens. How-
ever, suchmirror stars planetsandthelike would beinvisible to us,
sincemirror matterwould only radiateor reflectmirror light which
doesnt interactat all with us ordinary people,andour telescopes
madefrom ordinary matter Thus,the first main predictionof the
mirror mattertheoryis thatinvisible or dark mattershouldexist in
theUniverse.

Onemight think thatinvisible dark matterwould be unobserv-
able,andthisit literally is, howevertherearesimplewaysof demon-
stratingin quite a compellingway thatit really exists. In fact,there
is a lot of astronomicakvidencethat the Universeis full of such
invisible dark matter In the following chaptershis evidencewill
be presentedand discussed. The evidencenot only suggestdhat
mostof our galaxyis madeof darkmatter but thatnearbystarshave
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mirror planetsandevenmoreremarkablethatour solarsystencon-
tains mirror matter ‘spacebodies’ (that is, asteroidsized objects)
which arefrequentlybombardingour own planetEarth.

Theothermainstratgy for searchingor the existenceof mirror
matteris throughtheimplicationsfor microscopigorocessesuchas
particleinteractions.This is becausét is actuallypossiblefor new
smallforcesto exist, which (like gravity) acton both ordinaryand
mirror matter However, becausave know thatthe laws of micro-
scopicparticle interactionsobey certainsymmetriessuchasrota-
tional, Lorentzandgaugesymmetriesthereareonly afew possible
waysin which small forcescan coupleordinaryto mirror matter
Onepossibleforceis asmallcouplingof ordinaryphotonsto mirror
photons.! will explainin subsequenthapteramore preciselywhat
this statemenimeans however the effect of this tiny force, it turns
out, is to make orthopositroniun(aweird type of ‘atom’ madefrom
anelectronandapositron)decayfasterthanwe would otherwiseex-
pect— an effect which hasalreadybeenobseredin anexperiment.
A moredramaticeffectis thatit canmake mirror matterspacebod-
iesvisible asthey travel throughtheatmosphereThey maynotonly
be visible but may explodeleadingto devastatingconsequencesn
fact,the remnantsf suchcosmicbodiesmaystill bein theground
atvariousimpactsitesbecaus¢hesmallforcebetweerordinaryand
mirror mattercanbelarge enoughto opposetheforce of gravity.

Anotherway in which microscopicforcescan coupleordinary
andmirror matteris throughatypeof ‘mixing’ of neutrinos.Again,
I will explain more preciselywhat this statemenimeanslater on,
however, theeffectof it is to make ordinaryneutrinogransforminto
mirror neutrinos therebycausingthemto effectively disappearAs
I will discussthereis remarkablesvidencethatneutrinosdoindeed
disappeamorewer, therateatwhichthey areobseredto disappear
is predictedpreciselyin themirror mattertheory






Chapter 2

Elementary Particles and
Forces

This chapterdidn’t appeairin thefirst draft of this book. Including
too muchbackgroundnaterialcanbe dangerouslhboring. On the
one hand,| wantedto get straightinto the ‘interestingstuff’, and
on the otherhand,someconfusionmay arisefor peopleunfamiliar
with someof thebasicconcepts! have thereforeincludedthis brief
summaryof someof the basic'particle physics’conceptsandalso
emphasiseadgainhow this is extendedto includethe hypothesif
mirror symmetry Let me startby sizing up the variousscientific
disciplines...

Nature’'s distanceladder

Onecoulddefinethevariousscientificdisciplines:physicschem-
istry, biology, geology astronomyandcosmologyby the character
istic distancesize or scaleinvolved. The distancescalescover a
hugerangefrom oneten million billionth of a centimetre- the do-
mainof particlephysics o distance®f order100billion light years
—thesizeof thevisible Universe.Onelight yearis the distancehat
light travelsin oneyearwhichis itself a very large distance- about
10,000billion kilometres.

Mathematiciansrevery clever people. They quickly invented

17
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avery simpleway of expressingvery large numbersandvery small
numbersin scientificnotationlarge numbersareexpressedspown-
ersof 10. For example,

10° = 1 (no zeros)
10! = 10 (1 zero)
10> = 100 (2 zeros)
10> = 1,000 (3 zeros)
10 = 10,000 (4 zeros)

In this notationthe sizeof the visible Universeis 10! light years—
or 102 centimetres.

We canalsousescientificnotationto expressvery small num-
bers likethesizeof anatom- aboutonehundrednillionth of acen-
timetre. One hundredmillionth is the fraction 1/100, 000, 000. In
scientificnotation,1/100, 000,000 = 1/10® which is convention-
ally expressedas10~%. Thus,the size of anatomis simply 10~
cm. With this ervironmentallyfriendly papersaving notation,we
cancorvenientlyexpresghecharacteristidistancescalef nature,
seeFigure 2.1. Thisfigurealsoillustratesthe concepif alogarith-
mic scaleor simply, ‘log’ scale.In alog scaleeachfactorof 10 is
equally spacedput let us not worry too muchaboutthat. Instead
let’'s go straightto the heartof (the) matter

Whatis an elementanyparticle?

It is essentiallythe samequestionasasking“what is everything
madeof?”. Thingsaroundus, aswell asus, are madeof atoms.
But whatareatomsmadeof? At onetime it wasthoughtthatatoms
werent madeof arnything, they wereindivisible — the basicbuild-
ing blocksof matter Atomsareabout10~8 cmin size. Eventually
it wasfoundthattherewereevensmallerparticles. Electronswere
discovered (1897-1899) which we now know are point-like down
to distancesessthanabout10~ ¢ cm. Not long afterthatdiscorery
it wasproposedhatatomswere composedf electronsembedded
in atypeof jelly, or rather plumpudding(asthe Englishwould have
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Figure2.1: Naturesdistancdadder(in centimetres).

it) of positve chage. The plum puddingmodel,asit wasknown,
did notlong endure.lt wasdevouredby Rutherfordin 1911.

How did Rutherforddo it? Early in 1909Rutherfordsuggested
totwo colleaguesHansGeiger(of ‘Geigercounterfame)andErnest
Marsdento scattera beamof « particlesoff a metalfoil (« parti-
clesare just helium nuclei and are emittedby variousradioactve
elements).The « particleswerevery enegetic, travelling at about
10,000km/s. In the plum puddingmodel,thesevery fasta particles
shouldjust deviate only slightly whenpassinghoughthefoil — but
the experimentsuggestedtherwise.lt wasfoundthata smallfrac-
tion of alphaparticlesactuallybouncedback! This meansthatthe
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plum puddingwasno ordinarypudding— it suggestshatlarge pips
werepresentRutherfordlaterremarled:

It wasquitethemostincredibleeventthathasever happened
to mein my life. It wasalmostasincredibleasif youfireda
15-inchshellat a pieceof tissuepaperandit camebackand
hit you.

It took a shorttime for Rutherfordto realisethat the implication
of thesescatteringexperimentsvasthatthe positve chage wasnot
spreacdbutin apuddingbut concentratedtthecentrein a‘nucleus’.
Atomsarein factmostlyemptyspace.

Insight into the ratherstrangebehaiour of electronsin atoms
beganin 1913with the Bohr modelof the atom. It wasfound that
the traditional or ‘classical’ conceptswere completelyinadequate
to describethe domainof microscopicphenomena A completely
differenttype of theorywasneeded.n short,a sortof physicsrev-
olution occurred,andby the late 19205 the quantumtheory of the
electronhad arrived. Ambitious and occasionallyeven grandiose
statementsvereheardfrom all quarters.Oneof the leadingphysi-
cistsof theday, Paul Dirac (the anti-matterman)proclaimed:

Theunderlyingphysicallaws necessarfor themathematical
theoryof alarge partof physicsandthe whole of chemistry
arecompletelyknown.

The structureof the nucleuswasalsoa greatproblemfor mary
years. Most peoplethoughtthat it wascomposedf electronsand
protons— but they could never getit to work. Thingsweregreatly
clarified by the discovery of the neutronin 1932. The nucleuscon-
sistedof protonsandneutrondoundtogethetby anew force,called
the strongnuclearforce.

Oneimportantlessonfrom historyis thatalmostall progressn
sciencds drivenby experiments Purethoughtseldomgetsvery far
— unlessit is coupledwith experiments. Without experimentswe
might aswell sit aroundin a hot tub and concludethat all matter
consistsof four elementsfire, water air, but what's the otherone?
| guesst mustbe earth,but thenwhatarepeoplemadeof? At this
point, | shouldprobablysurrendeandtake outmy eng/clopaediaif
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I hadone,andtry to follow thethinking of theancients But perhaps
this procedure apparentlyfollowed by nearly all writers of popu-
lar bookson sciencejs missingthe point. Sciencereally beganin
earnestvhenpeoplefinally gotoutof their tubsandstartedo inves-
tigate— do carefulobserations, get their handsdirty and actually
do experiments.Sometimedistorytravelsin circlesthough. There
is aninterestingrecenttrendin particle physics. Somepeopleare
returningto their hot tubsandarguingthateverythingis madefrom
‘strings’ about10~3? cm long which live in 10 dimensionakpace-
time... Theideathattheworld is a flat platethat sits on a tortoiseis
in mary waysabettertheory It's alot simplerandcanbetested Of
coursewe all know thatit cannotexplainvariousestablishedhings
suchasthefactthatpeoplewho buy round-the-werld airline tickets
usuallyreturnsafely In contrast,stringtheoryappeargo have no
testableconsequence®ut that’s anotherstory

In additionto theprotonsandneutrongwhichtogethemarecalled
‘nucleons’ sincethey make up the nucleus)and the electron,one
moretype of particlewasinferredto exist which is calledthe neu-
trino. Neutrinosarealmost‘'nothing’. They have no electricchage,
almost no mass, and interactwith the other particles extremely
weakly by a new force called the ‘weak nuclearforce’. Yet they
exist. Indeedat onetime it wasthoughtthatthis wasall therewasas
faraselementaryarticleswereconcernedin 1947Geoge Gamav
publisheda book (One, Two, Three... Infinity) which summedup
the situationat thattime®:

“But is this the end?”you may ask. “What right do we have to
assumehatnucleonsglectronsandneutrinosarereally elemen-
tary andcannotbe subdvidedinto still smallerconstituentparts?
Wasnt it assumedanly half a centuryagothatthe atomswerein-
divisible? Yetwhatacomplicatedpicturethey presentoday!” The
answeiis that, althoughthereis, of course noway to predictthe
future developmentof the scienceof matter we have now much
soundereasondor believing thatour elementaryparticlesareac-
tually the basicunits and cannotbe subdvided further. Whereas
allegedlyindivisible atomswereknown to shav a greatvariety of
rather complicatedchemical, optical, and other properties,the
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propertieof elementaryarticlesof modernphysicsareextremely
simple;in factthey canbecomparedn theirsimplicity to theprop-

ertiesof geometricaboints. Also, insteadof a ratherlarge num-

ber of “indivisible atoms” of classicalphysics,we are now left

with only threeessentiallydifferententities: nucleons gelectrons,
andneutrinos. And, in spite of the greatdesireand effort to re-

duceeverythingto its simplestform, one cannotpossiblyreduce
somethingo nothing. Thus,it seemghatwe have actuallyhit the

bottomin our searchfor the basicelementdrom which matteris

formed.

BeforeGamav’sink coulddry, ahostof new unstableparticleswere
discoreredstartingwith themuonin 1947,aparticlewhichappeared
to have the broadcharacteristicef a ‘heavy electron’— about200
timesheavier in fact.

Any physicalprocesghatwe obsere canalwaysbereducedo
the microscopicinteractionsof elementaryparticles. In a certain
literal sense elementaryparticlesand their interactionsare at the
‘heart of the matter’. In the previous chapter | mentionedhatthe
electromagnetiforce savesusfrom falling throughthefloor (three
cheersfor electromagnetism!)This ‘foot feat’ is accomplishedy
the atomsin our feetrepellingagainstthe atomsin the floor — and
this is not due to the odour of smelly feet! Electronsdont have
feelingsbut do have electricchage, andarything with chageis in-
fluencedby the electromagnetiforce. Like chagesrepel,opposite
chagesattract. As the electronsfrom the atomsin the outer sur
faceof our feet pushagainstthe electronsfrom the atomson the
outerlayersof the floor strongelectromagneticepulsiontakes ef-
fect. Thisleadsto areactionforcewhich opposegheforceof grav-

ity.
Matter Particlesand Force particles

At this pointit is usefulto distinguishbetweenwo broadtypes
of elementaryparticles.‘Matter particles’and‘force particles’. As
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we have seenmatterparticlesconsistof the electron,proton, neu-
tron (whicharetheconstituent®f atoms)andalessfamiliar particle
calledtheneutrino.For eachof theseelementaryparticlesthereis a
distinctanti-particle(which canalsobeclassifiedasatypeof matter
particle).

Even though anti-particlesare stable,you cant dig them out
of the groundsincethey would have vanishedin a ‘puff of light’
long agoif therewasary initial anti-matterin our solarsystem(and
maybeevenin the Universeaswell). Neverthelesghey exist and
play importantrolesin astrophysicssuchasin supernga explo-
sions. Therearealsoa large numberof unstable shortlived parti-
cles,which have beendiscoseredin the late 19405 andthe follow-
ing decadesEachtype of elementaryparticle hasvariousintrinsic
propertiessuchastheir massandelectricchage. They alsohave a
certainamountof ‘spin’. Roughly speakingthe elementaryparti-
clesareeachsomavhatlike a spinningtop. The matterparticlesall
have the sameamountof spin,whichin standardunitshasthevalue
1/2,while the‘Forceparticles’have twice asmuchspin,thatis, they
have spinl.

In the 19605 - 19705 it wasrealisedthat the protonsandneu-
tronsarenotreally elementary They canbe viewed asbeingcom-
posedof moreelementarconstituentgalled‘quarks’. Quarkswere
firstintroducedby Jamesloycein hisbookFinnggans\Wake: ‘Three
quarksfor MusterMark’. However, Joyce did not realisethat the
ideawasmoreuniversal-notonly did MusterMark getthreequarks
but every proton and neutrontoo. This was first conjecturedby
Geoge Zweig andMurray Gell-Mannin 1963. Gell-Mann’s paper
was rejectedby the JournalPhysicalReview Letters while Geoge
Zweig'’s paperwasonly distributedasa preprint. The authoritiesat
CERN, wherehe wasworking at the time, declarecthatit wastoo
crazyto be submittedfor publication.

Whatis it aboutquarksthatis so crazy? The problemis that
theseproton and neutronconstituentparticleswere never seen. If
gquarksreallyexistwhy cant we breakopentheneutronsaandprotons
andisolatethe threequarks?By contrast,the constituentparticles
of atomsare the electrons protonsand neutronswhich canall be
isolated. The strangebehaiour of quarkswasfinally understood
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whena successfutheoryof the stronginteractionsvasput together
duringthe early19705. This theorysuggestshatquarkscannever
be isolatedand canonly exist in protonsand neutronsandalsoin
variousothershort-lvedparticles.Fortunatelythough for thethings
thatl will discussgn thisbook,thesedetailsarejustthat,details.We
do not needto know arything aboutthe detailedpropertiesof the
strongnuclearforce (or indeedquarks)exceptfor the fact that it
bindsprotonsand neutronstogetherinto nuclei. The propertiesof
the stablematterparticlesaresummarizedn Table2.1".

Actually free neutronsarenot stable but decaywith anaverage
lifetime of about12 minutes.However, within the nucleusthey are
quite stableunlessthe nucleusss radioactve. A radioactve nucleus
is onewhich spontaneouslylecaysafter a certaintime. Thereare
severaltypesof decayprocessedyut the onewhich we will bemost
interestedn is called3-decay

Matter Massxc? Electric Strong Weak
Particle Chage Force Force
Proton(p) 938MeV +1 Yes Yes
Anti-proton(p) 938MeV -1 Yes Yes
Neutron(n) 940MeV 0 Yes Yes
Anti-neutron(n) 940MeV 0 Yes Yes
Electron(e) 0.51MeV -1 No Yes
Positron(e) 0.51MeV +1 No Yes
Neutrino(v) <5eV 0 No Yes
Anti-neutrino(v) < 5eV 0 No Yes

Table 2.1: Some propertiesof the (stable) matter particles (and the
anti-particles).

"The commonunit of enegy is the electronVolt, or eV. 1 eV is the enegy
gainedby anelectronaftertravelling throughapotentialof 1 Volt. 1 MeV = 10° eV.
Also, | have expressedhemassin termsof its enegy equialentthroughEinsteins
famousrelation, E = mc?. In this equation,E is the enegy, m is themassandc
is thespeedf light in vacuum.
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In the S-decayprocessa neutronis corvertedinto a protonand
vice versa:

n — pt+e+rv (B decay)
p — n+eée+v (B decay).

Fortunately3™ decayis not obseredto occurfor free (thatis, iso-
lated) protonswhich canbe understoodrom enegy conseration—
lighter particlescannoidecayinto heavier ones.Putmoresimply, we
cannotgain weightwithout eating. The neutronis heavier thanthe
protonsofree protonsarequite stable.However, within the nucleus
thingsare more complicatedbecauseslectromagnetipotentialen-
ergy canbe gainedwhenelectricallychagedprotonsarecornverted
into electrically neutralneutrons. For this reasonit is possiblefor
protonsto decay but only in certainnuclei. Whetheror not a given
nucleusundegoes3-decay andthe type of decay(s™ or 37) de-
pendson the proportionof neutronsto protonswithin the nucleus.
I will talk alittle moreabouts-decayin a moment,but let mefirst
introducethe notionof aforce.

Whatis a ‘force’? Macroscopicallyit is a type of intrinsic at-
traction or repulsionbetweenobjects. Without ary force an object
would move in uniform motion without changingits speedor its
direction. Likewise when objectschangetheir speedor direction
thenthisis dueto aforce. In everydaylife, we are awareof mary
apparenthydifferenttypesof forces: kicking the football impartsa
force to the ball, bumping our headon the wall, acceleratingn a
car, etc. However, microscopicallythereareonly four known ‘fun-
damental’'forces. They are ‘fundamental’in the sensethat all the
other forcesresultfrom them at the microscopiclevel. The four
fundamentaforcesaregravity, electromagnetisnstrongandweak
nuclearforces. Thesefour forcesare further distinguishedby the
rangeof their effect. Gravity andelectromagnetismarelong range
forces—they aregenerallybelievedto exert their influenceover ar
bitrary large distances.While the strongand weak nuclearforces
areobsenred to be very shortrange— they only have a measurable
effect over microscopiadistancesDespitethis, microscopicallythe
forcesof electromagnetisnstrongandweaknuclearforcesareall
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Figure2.2: Microscopicpicture of the electromagneti¢orce. The elec-
tron emitsa photon(vy) which causesheelectronto changeadirection. The
photonis absorbedy anotherelectronat a latertime. In this andin other
suchdiagramstime (t) runsup the pageanddistance(x) runsacrossthe

page.

fairly well understoodEachforce canbe microscopicallydescribed
in termsof the actionof a ‘force patrticle’.

Taking the electromagnetid¢orce for example,microscopically
thefundamentaprocessnvolvedis theinteractionf electronsand
protonswith photons. The photonis the force particle for elec-
tromagnetism.Consideringthe electron,it has,at ary give time a
certainchanceof emitting a photon. This ‘interaction’ causeshe
electronto changedirection and speedif the photonis eventually
absorbedby anotherdistinct matter particle. This can be viewed
diagramaticallyasshavn in Figure 2.2 abore.

This type of diagramwasfirst usedby RichardFeynmanin the
1940s. In the technicalliteraturethis type of diagramis calleda
‘Feynmandiagram’,but in thisbook! will usemoredescriptie lan-
guageandcall it an‘interactiondiagram’. Anyway, microscopically
the electromagnetiorce resultsfrom photon-electrornteractions.
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This is the fundamentalprocessbehind the force of electromag-
netism. Actually thingsareslightly more complicatedbecauséhe

exchangeghotonin Figure2.2is notexactlythesameasarealpho-

ton—it is calleda‘virtual photon’in thetechnicalliterature. Again

though,we dont needto bothertoo much abouttechnicaldetails
suchasthis.

Broadly speaking, the weak and strong nuclear forces are
similar to electromagnetismbut they eachhave certainimportant
differencesas well. Consideringthe weak interactions,thereare
not one but three force particles called W+, W=, Z°. These
particleswerefirst predictedto exist in 1961andfinally discorered
in an experimentin 1983. Oneinterestingthing aboutWw* parti-
clesis thatwhenthey areemittedor absorbedhey alwayschange
the identity of the matter particle. For example, considerthe g-
decayproces®f thedecayof aprotonin thenucleus;p — n+eée+v,
which can be viewed diagramaticallyas shawvn in Figure 2.3
below. As the diagramillustrates,the protonis corvertedinto a
neutronasit emitsa W particle,which later turnsinto a positron
andaneutrino.

DI

wt )

Figure2.3: Microscopicpictureof 3-decay Theproton(p) is transformed
into a neutron(n) by emittinga W+. The W+ thentransformsinto a
positron(e) anda neutrino(v).
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Turning now to the strongnuclearforce, the protonsand neu-
tronsexchangenotthreebut eightforceparticlescalledgluons.There
are additionalcomplicationssincethesegluonsare believed to in-
teractwith the point-like particlescalled‘quarks’ within the protons
andneutrons Fortunately complicateddetailssuchasthis neednot
concerrusatall sincewe only needto beawarethatthestronginter-
actionsbind the quarksinto nucleonsandit alsobindsnucleonsnto
nuclei. Nuclei of coursecancombinewith electronsvia the electro-
magnetidorceto form atoms.Atoms cancombinetogetheito form
molecules(also via the electromagnetidorce) and moleculescan
combinetogetherto form youandme. But of coursewe areperhaps
morethanabunchof atoms...

The'force particles’aresummarizedn thetablebelow.

Force Forceparticle
Electromagnetism ~ (photon)
WeakNuclearForce w=, 20

StrongNuclearForce G (Gluons)

We don't needto know muchaboutthesedetails. The readeronly
needgo beawarethatthe old but goodideaof forcescanbeviewed
microscopicallyasdueto the exchangeof force particles,andthat
theforceparticlefor electromagnetisns justthephoton thephoton
is of coursethe particlewhich makesup ordinarylight.

One final commentis that gravity is not well understoodmi-
croscopically It is temptingto postulatethe existenceof a force
particle for gravity — calledthe ‘graviton’, but the fine detailsare
notknown. Whatis known is thatgravity is quite differentfrom the
otherforces. How to reconcilegravity with microscopicphysicsis
a deepmystery Luckily, we dont needto worry too muchabout
this becausave only considerthe effectsof gravity onlarge objects
suchasasteroidsplanetsandstarsetc. For suchlarge objectsNew-
ton’s or Einsteins ‘classical’ theoryof gravity suffices. | will talk
moreaboutNewton andEinsteinlater, but for now let’s returnto the
microscopigoarticleinteractionsof the non-graitational forces.
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Mirror ParticlesandMirror Forces

Theideaof mirror matterarisesfrom the interactionsof the el-
ementaryparticles. Theseinteractionsare knovn to possessnary
symmetrieshut the mostobvious symmetryof all, left-right or mir-
ror symmetry is not a symmetryof the known elementaryparti-
cles. The weak nuclearforce is the culprit which is, in a sense,
left-handed.As discussedn the previous chapter this remarkable
factwasfirst demonstrateth 1957using5-decayexperiments.

Thisapparenteft-handednessf thefundamentalaws of physics
is particularly striking for neutrinos. The neutrinois an elusve
elementaryparticle which is emitted along with the positron (or
electron)in g-decay As | have alreadymentioned,-decaycan
be viewed asthe elementaryprocessof proton (or neutron)decay
within radioactve nuclei (suchasCobalt-60),p — n + & + v.
Like mostelementaryparticles,suchasthe electronor proton,the
neutrinoalwayshasa certainamountof ‘spin’. | have alreadymen-
tioned that this meansthat eachelectroncan be viewed, roughly
speakingasa‘spinningtop’. Spinis anintrinsic propertylike mass
or chage. Every neutrino,electronor proton,alwayshasthe same
amountof spin,althoughit may pointin differentdirections.

A remarkablebsenrationthoughis thatin S-decayor ary other
processthat producesneutrinos, the neutrinos (v) always have
their spin axis orientatedin the samedirection relative to their
direction of motion. If the neutrino were coming towards you,
you'd seeit spinningclockwise,in otherwords, it twistslike a left-
handedcorkscrav. Justas a clockwise spinningtop becomesan
anti-clockwisespinningtop if viewed in a mirror, the left-handed
neutrinobecomesa right-handeconewhenviewed in a mirror (see
Figure 2.4 on the following page). Thus, mirror symmetrywould
suggesthe neutrinoshouldbe emittedwith aright-handedspin half
of thetime. Yet, nobodyhasever obsered a single right-handed
neutrino.In contrastanti-neutrinosrealwaysobsenedto beright-
handed.

In the introduction| pointedout that the fundamentainterac-
tionsof naturecouldexhibit mirror symmetryonly if asetof mirror
particlesexist. Onemightwonder though,whethemirror particles
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Figure2.4: A clockwisespinningtop (or left-handednheutrino)becomes
an anti-clockwisespinningtop (or right-handecheutrino)whenviewedin
amirror.

arereally necessaryCouldnatures mirror reflectparticlesinto anti-
particlesaswell asreflectingspace?This seemspossiblebecause
all neutrinosareobseredto beleft-handedwhile all anti-neutrinos
areobseredto beright-handed Suchmirror symmetrywould have
mary otherimplications. For a while this ideaappearedo work.
Theanti-particleprocessesdid appeatto behae like the mirror im-
age of the ordinary particle processes.However, this anti-matter
mirror wasshatteredafterjust sevenyears.In 1964,an experiment
demonstratethatthis type of mirror wasalsobroken.

The 1964 experimentinvolved a ratherstrangeshortlived par
ticle knovn asa kaon. Becausekaonslive only a very shorttime
beforethey decay— lessthana millionth of a second- they may
seemquite unimportant. Neverthelesshey exist andtheir interac-
tions mustdisplaythe symmetriesof nature,whaterer they happen
to be. Indeed our currentunderstandin@f elementaryparticlesnot
only describeshe stableparticlessuchasthe protonsandelectrons,
but alsostrangeshortlived particles(of which therearemary) such
asthe kaons. Anti-kaonsalso exist and are distinct particles. The
1964 experimentdemonstratedhat kaonsdo not display left-right
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symmetryeven whenkaonsarealsoreflectedinto anti-kaons.This
amountdo nothinglessthantheapparenbreakdavn of ary form of
left-right symmetryin nature- or doesit? Theprospecthatthemost
naturalsymmetryimaginable— mirror symmetry— is nota symme-
try of nature while every otherobvioussymmetrysuchasrotational
symmetryandtranslationabymmetryareindeedsymmetrieseems
rathersurprisingto saytheleast.

Remarkablythough,asl mentionedn the previous chapterand
will expanduponhere,it turnsoutthatit is still possiblefor particle
interactiongo exhibit alsomirror symmetryif anew form of matter
called‘mirror matter’ exists. As just discussedabove, having our
mirror reflectparticlesinto anti-particlesaswell asthe mandatory
spacereflectionsimply doesnt work. It was a logical possibility
but it didn't agreewith experiments. If it doesnt agreewith ex-
perimentst cant describenature.Instead jmaginehaving a mirror
thatreflectsevery particle(includingtheir anti-particles)nto acom-
pletelynew typeof particle—whichwe mightcall a‘mirror particle’.
In otherwords,| am proposingthatfor eachtype of ordinaryparti-
cle, suchasthe photon,electron,positron,proton, anti-protonetc.,
thereis a correspondingnirror particlewhich is a distinct physical
particle.

Thistypeof mirror seemsabit differentto theonein your bath-
room, sincebathroommirrors do not changeheidentity of the par
ticles, or do they? Actually though,your bathroommirror changes
left-handedparticlesinto right-handednes,sothe reflectedimage
is, microscopicallyor ‘qguantummechanically’ composef differ-
ent particlesor ‘states’. It is thereforean a priori possibility that
nature$ mirror could reflect ordinary particlesinto distinct mirror
particles. This mirror is illustratedin Figure 2.5 (on the following
page)with themirror particlesbeingdistinguishedrom theordinary
oneswith aprime(').

The mirror symmetryinterchangeshe ordinary particleswith
themirror particlesaswell asreflectingspacesothatthe properties
of themirror particlescompletelymirror thoseof theordinaryparti-
cles. This meanghatthe mirror particlesmusthave the samemass
andlifetime aseachof the ordinary particlesotherwisethe mirror
symmetrywould be broken. It also meansthat while the ordinary
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Figure 2.5: Natures mirror might reflect eachordinary particle into a
distinctmirror particle.

particlesappearin certainprocesseso be left-handedthe mirror
particlesappearin the correspondingnirror processeso be right-
handed For example the 5-decayprocess,

p—on+t+e+vg

wherethe ‘L’ remindsusthatthe neutrinois obseredto be always
left-handedlyspinning,implies the existenceof the ‘mirror image’
process

p—n+e +vh

with the mirror neutrinospinningright-handedly

Importantlyl assumedhateachof theforce particlesalsohasa
distinctmirror partner Thisis a crucialassumptiorandit is neces-
saryto explain why mirror particlesarenot producedn laboratory
experiments. Ordinary particlesinteractwith other ordinary par
ticles throughthe exchangeof ordinaryforce particles. Similarly,
mirror particlesinteractwith othermirror particlesthroughthe ex-
changeof mirror force particles. Thereareno ‘crossinteractions’
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connectingordinaryandmirror particlesirom ary of theknown non-
gravitationalforces”.

Clearly just as ordinary atomscan form by the electromag-
netic force betweenprotonsand electrons mirror atomscan form
by the mirror electromagnetidorce betweenmirror protonsand
mirror electrons.However, ordinaryandmirror atomsdo notinter
actwith eachother— exceptby the very feeblegravitational force.
Thus,if therewasarock madeof mirror matterin front of our eyes
thenwe couldnt seeit becauset doesnt emit or reflectordinary
light. It couldemit mirror photonsif it washot but mirror photons
would passright throughus without interacting. Corversely if we
shoneordinarylight onit thenthe ordinaryphotonswould just pass
throughit. As | alreadymentionedn chapterl, we couldnt pick
it up becausét would simply fall throughour handunderthe force
of gravity andthenthroughthe Earth(assumindherethatthereare
no new interactionsconnectingordinaryandmirror matter seethe
previousfootnote).We cansafelyconcludehatif therewasa negli-
gible amountof mirror matterin our solarsystemwe would hardly
be awareof its existenceatall.

Anotherway of illustratingthe consequenceasf themirror sym-
metry connectingordinary and mirror particlesis by considering
the following ‘thought experiment’. | alreadydiscussedne such
thoughtexperimentn theintroduction-aboutadistantmirror planet
calledMiros. Now imaginethatthereis awizardmorepowerful than
Harry Potter so powerful in factthat he could easilychangeevery
particlein our entire solarsysteminto mirror particles. Would we
notice?We would still be herebut madeof mirror atomsinsteadof
ordinaryones gravity would hold ourfeetdown, mirror electromag-
netismwould stopusfrom falling throughthefloor (madeof mirror
matter) and the Sunwould produceenegy via the mirror nuclear
forcewhich would be corvertedinto mirror light via mirror electro-
magnetidnteractions.Theonly obserabledifferencewould bethat

"Actually, lateronin chapter5 | will discussthe possibility of tiny new forces
connectingheordinaryandmirror particles.However, thesearenew forceswhich
arecompletelyindependenfrom the four known forces. For the purposef this
preliminarydiscussiora detailedexaminationof possiblesmall forcesconnecting
ordinaryandmirror particlesis ignored.



34 ElementaryParticlesandForces

the starsin the night sky would look different— if we are madeof
mirror matterwe would seemirror starsinsteadf theordinaryones.
Thus,assuminghatthereareboth ordinaryand mirror starsin the
sky, we would seea differentsetof starsif we were madeof mir-
ror matter The only otherdifferencewould be thatin S-decaythe
mirror neutrinoswvould all beright-handednsteadof left-handed...

Whosecrazyidea?

Scientistoftenamusehemselesby arguing aboutthe priority
of ideas— everyoneneedsa hobby! Who did what, when. In the
17t centuryNewton andLeibniz hadlots of fun arguing aboutwho
really discovered calculus. In the caseof mirror matterthe idea
shoulddatefrom sometimeafter 1956, since beforethis everyone
generallyassumeadhat the fundamentainteractionswere already
mirror symmetricsotherewouldhave beemoreasorfor postulating
theexistenceof mirror matter It is somavhatsurprisingto learnthat
theideaof mirror matterdidn't take long to be proposed.Theidea
firstappearedh thescientificliteraturein 1956,thesameyearthatit
wassuggestethattheordinaryinteractiongid notrespecteft-right
symmetry In fact, not only in the sameyear but alsoby the same
authors(Lee andYang)andalsoin the samepaper! While the Lee
andYangpapemwasdevotedto amguingthatleft-right symmetrymay
bebrokenby theweakinteractionsof theordinaryparticles thelast
two paragraphsuggestedhatit couldbe unbrolenif mirror matter
existed. In thewordsof LeeandYang(from their 1956papef):

Asiswell known, parity* violationimpliestheexistenceof aright-
left asymmetry We have seenin the above somepossibleexper
imentaltestsof this asymmetry Theseexperimentstestwhether
the presentelementaryparticlesexhibit asymmetricabehaviour
with respecto theright andtheleft. If suchasymmetnyis indeed

" Authors Note: ‘parity’ is anotherterm usedin the technicalliteratureto de-
scribemirror symmetry ‘Parity violation’ meansviolation of mirror symmetry’.
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found,thequestiorcouldstill beraisedwvhetherttherecouldnotex-

ist correspondingelementaryparticlesexhibiting oppositeasym-
metry suchthatin the broadersensetherewill still be over-all

right-left symmetry If this is the case,it shouldbe pointedout,

theremustexist two kindsof protonspg andpy,, theright-handed
oneandtheleft-handedone. Furthermoreat the presentime the

protonsin the laboratorymust be predominatelyof onekind in

orderto producethe supposedlypbsenedasymmetry.....

In sucha picturethe supposedlypbsenedright andleft asym-
metryis thereforeascribechot to a basicnon-invarianceunderin-
version,but to a cosmologicallylocal preponderancef, say pr,
over pg, a situationnot unlike that of the preponderancef the
positive protonover the negative. Speculationslongtheselines
are extremely interesting,but are quite beyond the scopeof this
note.

LeeandYangneverreturnedo themirror matterideaandwerecon-
tent with receving the Nobel prize for their work suggestinghat
mirror symmetrywasbroken. In fact,theideawaslargely forgotten
with only a handfulof paperswritten on the subjectduring the fol-
lowing threedecadesMy colleaguesHenryLew, RayVolkasandl,
blissfully unavareof thelasttwo paragraphsf LeeandYangs pa-
per, rediscoveredtheideain 1991andputit into a moderncontext.
More recently Zurab Silagadzealso rediscoered the idea while
readingthe ‘Encyclopaediaof AnomalousPhenomena-I'll have
to getacopy of thatbook! | have alsobeentold by akind Professor
from Indiathattheideafirst appearedereralthousandsearsagoin
theancientbookthe ‘Upanishads'.....

In physics mary seemingly simple and elggant ideas are
proposedonly to be eventually discardedwhenthey are carefully
checled by experimentsandobsenrations. This is somethingwvhich
distinguishesciencefrom otherdisciplines. The fate of the mirror
mattertheorythereforerestswith experimentsandastronomicabb-
senations— it cannotbe decidedby purethought.lIt is time now to
examinetheevidence....
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Chapter 3

Discovery of Mirror Stars?

If mirror matterreally doesexist thenit is reasonabld¢o suppose
thatit existsin our galaxyandin othergalaxies.Yet, becauset is
invisible, neitheremitting nor reflectingordinarylight, it would be
completelydark. Thisdoesnotmeanthough thatit cannothave ob-
senableconsequencdsecaus@veninvisible darkmattercanmalke
its presencé&nown to us by its gravitational effects. A famoushis-
torical exampleof the power of gravity is the discavery of our 8t
planet,Neptune.

Thediscovery of Neptune

The first six planetshave beenobsered since ancienttimes.
The7*" planet,Uranus,wasdiscoeredby the Englishastronomer
William Herschelin 1781 usinga homemadeeflectingtelescope.
Prior to the discorery of Uranus,the most distantknown planet
was Saturn,which orbits the Sunat a distanceof about1.4 billion
kilometres— nearly 10 timesthe distanceat which the Earthorbits
the Sun. Uranus,it turnsout, orbits at a distanceof about2.9 bil-
lion kilometers takingapproximately84 yearsto completean orbit
aroundthesun.

The8!" planetNeptunewasdiscorered65 yearsater, but unlike
Uranus,whosediscorery wasaccidentalthe discovery of Neptune
wasno accident.Indeed Neptunes discovery is aratherimpressie
exampleof the power of the scientific method. This discorery is
illustratedin Figure 3.1.

39
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Path of Neptune

Neptune e --- Neptune
1830 @ - T~ .@.in 1810
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Figure3.1: Therelative positionsof UranusandNeptuneduringtheperiod
1800-1840Betweenl800-1810Jranusvasmoving towardsNeptuneand
thegravitationalinfluenceof NeptunecausedJranusto travel faster While
betweertheyears1830-1840Jranuswasmoving away from Neptuneand
the gravitationalinfluenceof NeptunecausedJranusto travel slower.

Newton shaved us how to calculatethe orbits of the planets.
Putanotherway, they mustobey Newton’s laws of motion. How-
ever, Herschel discavery of the 7%* planetUranuseventually led
to somethingodd. Its orbit did not follow exactly the expectations
from Newton. This meanghateithera) Newton’s laws weresome-
how wrong’, b) thereweremistalesin the obserationsof Uranus,

"Actually, Einsteinshaved much later that they do in fact breakdown under
certainconditions but this wasnot thereasorfor theanomaliesn Uranuss orbit.
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or ¢) therewas somethingnew. In October1845the Englishman
JohnAdamsandindependentlypn the othersideof thechannelUr-

bainLeverrier(in Junel846)proposedhatanhithertounseerplanet
(Neptune)mustexist furtherfrom the Sun.Not only did they predict
thatit mustexist, but the mathematicshroughwhich physicallaws

are describedallowed themto predictits position very accurately
In fact, the two independentalculationsof Adamsand Leverrier
agreedwith eachotherto within 1 degreefor their positioningof

Neptune.

JohnAdamswas spectacularlyunsuccessfuat corvincing the
astronomergo searchfor Neptune— they eitherdidn’t understand
his calculationgr didn't botherto. Leverrier's efforts metwith more
successThenight afterreceving aletterfrom Leverriersuggesting
that he shouldlook for the new planet,JohannGalle of the Berlin
ObsenatoryfoundNeptunen Septembel846.But Galle’sjob was
madeeasyfor him — he wastold whereto look. Clearly Neptune
madeits presenceknown first by its gravitational effects and was
later obsered directly Galle’s boss,JohannEnclke, who initially
thoughtthat the searchwas a wild goosechase(or in the case—
‘planetchase’)wroteto Leverrier?:

Allow me, Sir, to congratulateyou most sincerelyon the
brilliant discoverywith which you have enrichedastronomy
Your namewill be forever linkedwith the mostoutstanding
concevableproof of thevalidity of universalgravitation...

Of course,in books suchas this, authorssuch as myself are
always wheeling out successfuhistorical examples. The reader
should be aware that for every theoreticalsuccesghere are also
mary failures. The failures,however, are not usually emphasised
andareoftenquickly forgotten . Still, the successfutasesio shav

"Onesuch‘f ailure’ which hasnot quite beenforgottenis the story of the planet
‘Vulcan'. Buoyedby his ‘discovery’ of Neptune Leverrierwentonto aguethata
new planet— Vulcan—wasrequiredto explain ananomalyin the orbit of Mercury
Searchegor Vulcanfailedto find it, or rather mary searche$oundit, but it was
never confirmed.Theanomalywaslaterexplainedby Einsteinin 1915;Mercury’s
orbital misbehaiour wasnotdueto a new planetor dueto mistalen obserations,
but due to the modification of gravity predictedby Einsteins generalrelatiity
theory
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thatat leastsometimepeoplegetthingsright. With this cautionary
notein mind, let menow continuethe story.

Distribution of matterin theheavens

In the Universematteris not uniformly distributed. From ob-
senationswe know thatmatterbunchedogethetto form stars,stars
bunchtogethetto form galaxiesandgalaxiesounchtogetheito form
galaxyclusters. This is our currentpicture of the obserable Uni-
verse.Exactly how the Universecameto belike thisis certainlyan
interestingout very difficult problem.lIt is aproblemwhichis atthe
forefrontof modernresearchNeedlesso sayit is evennow notun-
derstoodandthat's whyit' s attheforefrontof modernresearchFor-
tunately the mostcompellingargumentdor the existenceof mirror
matterin our galaxyareessentiallyobserationbased.They do not
requireknowledgeof the physicsof galaxyformationor complete
understandingf the evolution of the Universefrom its beginning,
assumingt hasone,to the presentime. Of course suchknowledge
would be very useful,but we canlearnmuchwithout it.

Newton’s laws of gravitation aresimpleandpowerful. Anything
with masswill influencethe motion of ary otherbody with mass.
Theinfluenceis greaterthe closerthe two bodiesare. Equallyim-
portantis thatthe effectsof gravity aregreatestor bodiesof larger
mass. Of coursethis effect is well known to Moon walkers. Neil
Armstrongcould jump higheron the Moon thanon the Earth. This
wasnot just becausef his greatjoy at beingthefirst persononthe
Moon, or becauséie hadjust boughta Toyota. Rathey it wassim-
ply becaus¢heforceof gravity ontherelatvely light Moonis much
lessthantherelatively heary Earth.

Thereis goodreasondo believe thatgravity is universal. The
orbitsof theMoon andman-madesatellitesaroundthe Earth,theor-
bits of the planetscometsandasteroidsaroundthe Sunall obey the
sameuniversallaw. Indeed,the power of Newton’s laws hasbeen
quite spectacularlydemonstratedvith our discussionof Neptune.
Whatabouton very small distances?Small distancescalescanbe
studiedin carefullaboratoryexperimentsusingatype of pendulum
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Figure 3.2: Orbital speedof the planetsversustheir distancefrom the
Sun.

calleda ‘torsion pendulum’. Suchexperimentshave confirmedthat
gravity is describedy thesameruleson very shortdistancessit is
over large distancesFor example,a recentlaboratoryexperiment!
has measuredhe gravitational attractionbetweenobjectsjust 0.2
millimetresapart,againshaving thatNewton’s laws areupheld.
The gravitational force on the planetsis duemainly to themass
of the Sun. This is becausehe Sun containsmore than 99% of
the massof the solar system. The closera planetis to the Sun,
the greaterthe gravitational attractve force which the planetfeels.
Thelargertheforce,thelargeris the planets orbital velocity. Con-
versely the more distantthe orbit the wealer the hold of gravity,
which meanghatdistantplanetsmustmove moreslowly otherwise
they would be flung into spacenever to return. Figure 3.2 (above)
shawvs how the orbital speedf the planetsvariesfrom their distance
to the Sun. [The unit of distances the AstronomicalUnit or AU.
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1 AU is the Earth-Sundistance]. As the figure shaws, the velocity
rangesrom about50 km/sfor our closesplanet—Mercury, to about
5 km/sfor our mostdistantknown planet— Pluto.

Evidently thereis a strongconnectiorbetweerorbital velocity
andtheforce of gravity. In fact, knowving Newton’s laws we could
put constraintson the distribution of massin our solar systemby
studyingthe orbits of the planetsandthe otherorbiting bodiessuch
as cometsand asteroids;the massdistribution directly affects the
gravitational force which dictatesthe orbital motion of the planets.
For our solarsystemthereis not muchroomfor a large proportion
of invisible mirror matter or ary othertype of invisible matter Any
nearbymirror matterplanetin our solar systemwould have made
its presencé&nown via its gravitational effectson the motion of the
otherplanetsor comets,in muchthe sameway that Neptunes ex-
istencewasrevealedfrom its gravitational effect on the motion of
Uranus.

Neverthelesssmallbodies(for example,asteroidor cometsized
objects)madeof mirror matterarepossiblebecaus¢hegravitational
influenceof thesebodieswould be far too small to have beende-
tected. Also, a planetaryor even star sized mirror objectis also
possiblef its orbit is distantenough.In fact,in chapter6 | will dis-
cussfascinatingevidencethatthereareindeedmirror matterobjects
outtherein our solarsystem.Thereis explosive evidencethatsmall
asteroidor cometsizedmirror matterobjectsexist andoccasionally
collide with the Earthaswell asindependenévidencefor planetor
starsizedmirror matterobjectsin distantorbitsfrom the Sun.

In ary case,within the orbit of Pluto thereis not muchroom
for a large amountof mirror matter Let us move on to larger dis-
tancesIf we wereto look at our solarsystemfrom a greatdistance
away— sogreatthatour solarsystemappeare@satiny pointsource
of light, thenwe would noticethatit is alsoin motion. It is orbit-
ing aroundthe centreof our galaxyin aroughly circularorbit. The
hugedistancenvolved meanshatit orbitsthe centreof the galaxy
only aboutonceevery 200 million years. If we maove even further
away, suchthatour galaxywasonly the sizeof a bright point, then
our solar systemwould be in motion around the neighbouring
galaxies.
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But beforewe go away ary further let us comeback a step.
While | have arguedthat thereis no evidencefor a large amount
of mirror matterin our solar system(althoughlater I will amgue
that thereis interestingevidencefor a small amount),what about
on larger distancescales?Could therebe a large amountof mirror
matterin our galaxy?Onemightthink thatbecauséewton tells us
therecannotbe muchmirror matterin our solarsystemiit follows
that there cannotbe much mirror matterin our galaxy Still, we
mustbe careful,the galaxyis somuchlarger thanthe solarsystem.
It might be possiblefor ordinaryandmirror matterto be distributed
quite independentlya sortof cosmicsegregation,a bit of ordinary
matterhere,abit of mirror matterthere...

Actually, it turnsoutto bevery easyto understanavhy ordinary
andmirror mattershouldbe separatean relatvely small distance
scaledike our solarsystem.However, | will postponea discussion
of this for later In the meantimeone could just keepin mind the
possibilitythatthe distribution of mirror matterandordinarymatter
candependrery muchonthedistancescaleinvolved. In fact,asjust
aboutary ancientpersonfrom Mongoliaor Tibetwould surelyhave
testified, becauseheir nearbyregion containsonly land and they
andnobodyelsethey knew ever sav ary oceansthe whole world
mustbe madeof land... They might have beensurprisedo discover
thatthe Earth’s surfaceis coveredby morethan70%ocean...

Galaxiescontainan invisible sphericalhalo of dark matter

It is now time to take a closerlook at our own galaxy— The
Milky Way. Our galaxyappeardo be a typical spiral galaxy con-
tainingof order100billion starswhich aredistributedin aflat disk,
with a small sphericalbulge at the centre. Obviously (with current
technology)we cant view our entire galaxy from a distance,but
we cantake picturesof othersimilar galaxies. Figure 3.3 (on the
following page)shaws picturesof threetypical spiralgalaxieswith
differentorientations.
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Justlike the massdistribution in our solarsystemcould be de-
terminedby looking at the motionsof the planetsaroundthe Sun,
we candeterminehe massof the galaxy aswell asobtaininginfor-
mationaboutthe distribution of masswithin the galaxy by measur
ing the velocity of starsat variouslocationsanddistancedgrom the
galacticcentre. We might expectthat mostof the massis nearthe
centralregion of thegalaxybecausé¢hat's wheremostof thelight is.
If this werethe casethenour galaxywould be dynamicallysimilar
to our solarsystem- but on a muchlarger scale. This meansthat
the orbitsof starsshouldshav a significantdeceasein their orbital
velocity asone obsenres starsorbiting further andfurther from the
galacticcentre.Surprisinglythoughthis is not the case.In fact,the
velocity is moreor lessconstantsonelooks at objectswith larger
andlarger orbits (Figure 3.4'%). Thisis true of starsat the edgeof
thedisk aswell asstarsandcompacgroupsof starscalled‘globular
clusters’'distributedout of the planeof the disk.

The conclusionis that thereis much more to our galaxy than
meetsthe eye. And thisis in factliterally true. The massanddis-
tribution of light emitting/reflectingmatteris completelydifferent
to the massand distribution of matterinferred dynamically from
the effectsof gravity throughNewton'’s laws. The upshotis thatour

FIGURES.3
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observed

expecied
from
luminous disk

M33 rotation curve

Figure3.4: Obseredorbiting velocitiesof stars(verticalaxis)in the spi-
ral galaxy M33, superimposean its opticalimage. The horizontalaxis
is the distancefrom the centreof the galaxyin kiloparsecq1 kiloparsecs
is 3.3 thousandight years). The poor agreemenbetweenthe expected
velocitiesandthe actualonesprovidesstrongevidencefor invisible ‘dark
matter’.

galaxy(andsimilar resultshave alsobeenfoundfor othergalaxies)
extendswell beyondthevisible edge.Evenmoreinterestings that
the massis distributed spherically roughly like a (3-D) sphereor
ball, whichis calledthehalo,despitethefactthatthevisible masss
predominatehdistributedin aflat disk.

Althoughthis invisible massdistribution is calleda ‘halo’, it is
not muchlike the halo aroundthe headsof the saints. Rather it
is a threedimensionalsphericaldistribution which startsfrom the
galacticcentreand extendsbeyond the visible edgeof the galaxy
The amountof massin this threedimensionahalo is estimatedo
be atleastseveraltimestheamountof masdn thedisk. Thus,in the
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Figure3.5: Inferreddistribution of massin our galaxy Thevisible matter
forms a disk, viewed edge-onin this figure, which is surroundedoy an
invisible threedimensionakphericahalo of matter

caseof galaxieswhatwe seeis notwhatwe get. Theinferredmass
distribution of our galaxyis illustratedin Figure 3.5 (above).

This resultis not somethingthat was found yesterdayor even
the day before. The evidencehasbuilt up over mary decadesit is
notevenconcevablethattheresultscouldbedueto mistalenobser
vations. Theobsenrationshave beenrepeatedy mary independent
groupsin mary countriesfor mary galaxiesall reachingthe same
embarrassingonclusions. We may thereforesay with somecer
tainty that eitherinvisible dark matterexists or Newton'’s laws are
wrong.

We know thatNewton’s laws cannotbe completelywrong. They
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have beenverified for objectsin our solarsystemwith tremendous
accurag. The only knovn examples(in our solar system)where
they breakdevn area tiny anomalyin the motion of Mercury and
alsothe bendingof light aroundthe Sun. However, both of these
examplesare completelyunderstoocandwere explained,or in the
caseof thebendingof light aroundthe Sun,predictedoy Einsteinin
1915. Einsteins theoryof gravity goesby thetitle of ‘generalrela-
tively’. Generalrelativity is not simply a modificationof Newton'’s
laws, but avery differentsortof theory However, Einsteins general
relatvity theorydoesagreewith Newton’s theorywhenthe gravita-
tional force is not too strong,asis almostalwaysthe casein most
practicalexamples. For this reasonNewton’s laws are considered
todayasa very usefulapproximation In the caseof starsorbiting
aroundthe galacticcentre,Einsteins theory givesthe sameresults
asNewton.

Of course,it is possibleto imaginethat both Newton and Ein-
steinarewrong. Nobodyis perfect.Maybethesetheoriesonly work
over relatvely small distancesuchasthe size of our solarsystem
—amerefew billion kilometreswhile overlargerdistanceshey be-
comemodifiedin sucha way to explain the motionsof the starsin
our galaxywithoutany embarrassingwisible matter Certainlythis
is possible,but so far nobodyhasmanagedo find a very elegant
theorywhich doesthis. Obviously, the non-&istenceof sucha the-
ory cannotberigorouslyshawvn either Neverthelessat the present
time,themostreasonablinterpretatiorof theobsenationsseemgo
bethatinvisible dark matterreally doesexist, andin factdominates
the massof our galaxy

Thenature of thebeast

If we accepthatinvisible dark matterreally doesexist, thenthe
next logical questionto askis whatis the natureof this darkmatter?
Is it somethingstandardnadeof ordinary matter? Maybeit is in
theform of faint deadstarscalled‘white dwarfs’ or smallstarsthat
never gethot enoughto burn hydrogencalled‘brown dwarfs’ ? Or
is it somethingelse,somethingnoreexotic?
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While someof it is surelyin theform of dustandgasthis cannot
explain theinferreddarkmatterin the halo. Astronomersave been
ableto gatherinformationonthe overall distribution of dustandgas
within our galaxyby measuringhe effectsof the absorptiorof star
light andby tell-tale radio (wavelength)emissions.They conclude
thatdustandgascontritute anegligible amountto the galactichalo,
althoughtheremay be a significantcomponenin the disk. In fact,
every corventionalpossibility for the dark matterrunsinto serious
problemsfor onereasoror another

As anotherxample let mebriefly mentionwhite dwarfs. White
dwarfsarefaint deadstarswhich have usedup all their nuclearfuel
andno longersustainnuclearreactions.Our sunis destinedo be-
comeawhite dwarf oneday Currently it is amiddle agedstarwith
no mid-life crisesin sightsowe don't have to worry too muchatthe
moment. Anyway, when a star stopsburning nuclearfuel its cen-
tral pressuras no longergreatenoughto supportits hugeweight.
The effect of this is thatthe starbecomegyravitationally unstable.
Theinnerpartof thestarcollapsesinderits own weightwith awhite
dwarf astheendproduct.Typically awhite dwarf hasasizeassmall
asthe Earthbut with amasscomparabldo thatof the Sun.

Initially white dwarfsarequite hot, but sincethey arenolonger
burning nuclearfuel andproducingenenpy, they slowly cool. How-
ever, becausehey aresosmallthey arevery faint. Indeed their lu-
minosityis proportionalto their surfaceareawhich is about10,000
timessmallerthananordinarystarlike our Sun.Becausef theirex-
tremefaintnesshey canonly beobseredin thevery nearbyregion
of our galaxy typically lessthanafew hundredight yearsfrom us
(although theyoungestindhottestwhite dwarfscanbe seersignifi-
cantlyfurtheraway thanthis). The populationof white dwarfscould
thereforebe very numerous- perhapsiumerousnoughto account
for the mysteriousgnvisible massin our galaxy Still, therearevery
big problemswith thisideadespiteits obvious merits.

The main problemwith ‘white dwarf dark matter’is thatin the
collapseprocessvherethey areformed,the outerlayersof the star
areejectedinto space.Thiswould leadto obserableconsequences
which are not seen. For instance| alreadydiscussedhe fact that
obsenrationsappeato excludeary significantamountof gasor dust
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in the halo of our galaxy Evenif the ejectedgascollapsentothe
galacticdisk dueto collisional processesits estimatedabundance
would be greaterthanthe entireinferredmassof the disk. Further

more, this ejectedmaterialis rich in heary elementssuchas car

bon andnitrogen(in astrophysicary elementheaier thanhelium

is called a ‘heavy element’)which do not seemto be particularly
ahundantin our galaxy

Otherpossibilitiesfor the halo dark matter suchasblack holes
andneutronstars,suffer similar problemssincetheir formationalso
leadsto heary elementpollution and othertell-tale signs. In fact,
every corventionalcandidatefor the dark matteris in seriouscon-
flict with observationsNot surprisinglythen,the mysteriousature
of thedarkmatteris widely consideredisthe greatesof all puzzles
in astrophysicsitthemoment.

At theendof thedaywe areleft with theremarkableconclusion
that, not only is mostof the massin galaxiesinvisible, but galax-
ies it seemsare not predominatelymadefrom ordinary matter at
all. Galaxiesseemto be predominatelynadefrom somethingcom-
pletely unknavn, somethingthatis, in a very literal sensenot of
thisworld...

Entermirror matter

Imaginethata significantpartof our galaxywasindeedmadeof
mirror matter Could that explain the mysteryof the inferreddark
matter? Clearly mirror matteris dynamicallyvery similar to ordi-
nary matter it would form stars,planetsetc., but would not emit
ary ordinarylight. It would emit mirror light (thatis, mirror pho-
tons),but we cant detectthat. In shortit would beinvisible —which
is just what's required. So far so good. But what aboutthe dis-
tribution? Becauseordinary and mirror matteronly interactswith
eachothervia gravity, their distribution canbe completelydifferent
(dependingntheirinitial conditionssuchaschemicalcomposition
andangularmomentum).But could this really explain why mirror
matterdoesnt form in adisklike ordinarymatter?
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Figure 3.6: M87 — an exampleof an Elliptical Galaxy (Credit: Anglo-
AustralianTelescopePavid Malin).

Perhapsarelevant pieceof informationis the obserationalfact
thatin somegalaxiesordinarymatteris distributed roughly spheri-
cally ratherthanin a disk. Suchgalaxiesarecalledelliptical galax-
iesandonesuchexampleis shavn in Figure 3.6. Thisimmediately
suggestghat mirror mattercould, in principle, alsoform a spher
ical distribution. So maybeour galaxy and other similar galaxies
have their ordinarymatterembeddednto an approximatelyspheri-
cal mirror galaxy But obserationstell usthatevery spiral galaxy
similar to our galaxy always seemsto have an invisible approxi-
matelysphericahalo. Why shouldit alwaysoccur?Thefactthatit
alwaysseemdo occursuggestshatit probablycannotbe explained
just from somerandominitial conditions,suchasangularmomen-
tum. | feelthattheanswemightlie in theinitial chemicalmake up
of theUniverse,asl will explainin amoment.

Galaxiesare believed to be formed from a giant collection of

particlesheldtogetherby gravity. In otherwords,they wereoncea
hugegascloud. Within thesehugesystemsparticlesarecontinually
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colliding off eachother Thesecollisionsdotwo things. They create
apressuravhich canresisttheforceof gravity. If thisis all thatthey
did, the gaswould never collapse;it would just sit there. However,
the pressurecan be reducedover time if the collisionsare ableto
excite the atoms/moleculegto higherenegy levels. The excited
atomssubsequentlyadiatephotons(which eventuallyescapdrom
the gas)andthe atomsmove backto their lowestenepy state. In
this way heatcan be removed from the gasallowing it to become
moretightly compressedhatis, to collapse.

Importantly the collapseprocessoccursguite independentlyor
the ordinarymatterand mirror mattercomponentsWhy? Because
collisionsareanelectromagnetiprocessyhich actsindependently
on ordinaryand mirror matter: Ordinary particlescan collide with
ordinarypatrticles,mirror particlescancollide with mirror particles,
but ordinaryandmirror particlescannotollide with eachother This
meanghatthetemperaturandpressurerofilesof theordinaryand
mirror mattercomponentsre,in generalcompletelydifferentand
evolve differently The dynamicsof sucha self gravitating two-
componentcollapsinghugegascloud is very complicated. Com-
plicated enoughperhapsto explain the vastarray of galaxiesand
structureghatareseenin the Universe.

Onething thatis known thoughis thatthe way in which sucha
thing evolves dependgjuite sensitvely on its initial chemicalcom-
position. Chemicalcompositionrefersto the proportionsof the dif-
ferentelementsandmoleculeghatarepresent.Theinitial chemical
compositionof the ordinarymattercouldbe quite differentfrom the
initial chemicalcompaositiorof themirror matter Why? Theanswer
may end up beingdueto the initial conditionsat the very instant
whenthe Universewascreated- during the ‘big bang’— andI will
saya few morewordsaboutthis lateron. This meanghatthe evo-
lution of the ordinaryandmirror mattercomponentgould be quite
different. Onecould easilyimaginethattherateof collapseof mir-
ror matterinto compactsystemsuchasmirror stars/planets much
fasterthanordinarymatterwhich reduceghe ‘friction’ betweerthe
mirror mattercomponentén the galaxytherebypreventingcollapse
of the mirror matterinto a galacticdisk. In otherwords, mirror
starsandplanetamight condens®ut of the primordialgalacticsoup
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beforethe mirror matterhastime to collapseontoa disk.

It thereforeseemgpossiblefor aroughlysphericahalopredom-
inately madeof mirror matterto exist. It would containmirror stars,
dustand maybealsolarge gasclouds... But how canwe testthis
idea?

Waiting for an explodingmirror statr..

Thereareseveralwaysof testingthis ideathatour galaxyis full
of mirror matterobjectssuchasmirror stars.First,old massve stars
donotjustfadeaway;they collapsewith abangin atitanicexplosion
calledasupernwa. Theseexplosionsareso powerful thatthey may
evenoutshinethe galaxyin which they appear Sucheventsthough
arequiterare,occurringin our galaxyaboutonceevery few hundred
yearsor so. Oneof themostspectaculatook placeonthe4 of July
in 1054.

Chineseobsenrationsat the time recordedthat the starwas so
bright thatit wasevenvisible during the day-time,andwasnearly
asbrightasthe Moon at night-time. Curiously strangdightsin the
sky arealsoreportedevery yearin the United Statesalsoon the 4
of July, but the origin of thesemorerecenteventsis undoubtlyof
terrestrialorigin.... Theremnantof the 1054 supernga explosion,
known asthe Crabnelula, still exists (Figure 3.7) andis oneof my
favourite astronomicapictures. [My mostfavourite astronomical
pictureis, of course VincentVanGoghs Starry nigh{.

The last recordedsupernwa event in our galaxy occurredin
1604. Sowe shouldbe overduefor another. In factin 1987asu-
pernwvain anearbygalaxyexplodedandwasvisible with the naked
eye aswell asin undegroundexperiments,as| will explain in a
moment.

How doesastargetinto trouble?Starsavolve peacefullyfor mil-
lions of years,however nothinglastsforever (including diamonds!)
and eventually the star runs out of nuclearfuel. When this hap-
pensthe coreof the starcollapseaunderits own weightin lessthan
a second. If the stars massis lessthan abouteight solar masses
thenthe end productis a white dwarf — an object aboutthe size
of the Earthwith a massof aboutthe Sun. However, if the stars
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Figure3.7 here

massexceedsabout8 solarmasseshenthe endproductof this gi-

ganticexplosionis somethingevenweirder Whensuchaheavy star
collapsesthe pressurdbecomesogreatthatall of theelectronsare
pressednto the protonswhich combineto form neutronsand neu-
trinos,

pt+e—=>n+r.

This is a weak interactionprocesswhich only becomesnegeti-
cally possiblebecaus®f the hugegravitational pressureAnyway;,
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theneutrinosescapdeaving behindatightly compressetall of neu-
trons— calleda ‘neutronstar’. An objectheavier thanour sun, but
with aradiusof only aboutl15 kilometres.Onespoonfulof this ma-
terialwouldweighmorethanNew York City... Clearlysuchmaterial
shouldbe handledwith care.If swallowed seekmedicaladvice...

In the caseof the 1987 supernga explosion, not only wasthe
largeincreasén brightnesbsened, but the burstof neutrinoswas
detectedn undegroundlaboratoriesn Japanandthe USA. A to-
tal of 20 neutrinoeventsover a time scaleof just 12 secondsvere
recorded.As | will discusdn laterchaptersneutrinosareexpected
to beawindow into themirror world. A tiny mixing forceis allowed
andwould have the effect of changinghalf of the supernwea neutri-
nosinto mirror neutrinos. Unfortunately becausef variouslarge
uncertaintiesthe initial numberof supernga neutrinosthatwould
be expectedo arrive atthe Earthcannotbe preciselydeterminedso
we cant tell whetheralf of theneutrinosaremissing.Thisunsatis-
factorysituationmayimprove in the future with the greatadwances
in neutrinodetectorghatnow exist.

Evenmoreinterestingthough,is theimplicationsof thecorver-
sionof mirror neutrinognto ordinaryneutrinosvhichwouldhappen
if a mirror star explodes. This could make a mirror supernea ef-
fectively ‘visible’ evenif no visible light is emitted. It would be
a phantomexplosion detectableonly with neutrinos®. (Actually
anotherpossibility which I will discussin chapterb, is thata tiny
forceallowing for photonmirror photontransitionscould make mir-
ror stellarexplosionsproduceanobsenrableburstof photonsaswell
asaneutrinoburst).

Althoughthereis asyet no evidenceof suchphantomstellarex-
plosionsthis is not unexpectedsincewe know thatnearbyordinary
supernga explosionsarerelatively rareevents. The estimatedate

"It is possiblethatan ordinary supernea explosioncould mimic an exploding
mirror starif thelight from theordinarysuperneawereblocked out by interstellar
dust. However, even this possibility can be testedby looking at the direction of
theneutrinos.Thedirectionof theneutrinofrom anexplodingordinarysupernea
shouldcomefrom within thedisk of our galaxy(if it happengo beoneof thefew
haloordinarystarsit certainlywon’t be obscureddy dust). On the otherhand,the
neutrinosfrom anexploding mirror starwill mostlikely comefrom the halo, that
is, in adirectionout of the planeof the galacticdisk.
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of ordinarysupernwea explosionsis roughlyonceeveryfew hundred
years-soit maynotbesurprisingf therateof mirror supernwa ex-
plosionsalsoturnsoutto below.

Discovery of mirror stars?

On quite a differenttack, even invisible starscan reveal their
presenceahroughtheir gravitational effectson light. In 1986, Bo-
hdanPaczynskihada goodided?. His ideawasto mounta search
for darkmatterbasedntheideathatamassve objectcouldactasa
sortof lens. Evenif we cant seethe massve object,its gravity can
bendthe light comingfrom a moredistantstararoundit, in much
the sameway thatlight getsbentasit passeshrougha magnifying
glass.If thereareinvisible bodiesfloatingin the halo of our galaxy
it is possiblethatthey shouldpassbetweenusandour line of sight
to a backgroundstar If this happenghenthe gravity magnifiesthe
light from the backgroundstarasthe light passesroundtheinvis-
ible object— causingthe backgroundstarto brighten. This effectis
illustratedin Figure 3.8.

7 ‘ \7
Bohdan Background star in a
Paczynski neighbouring galaxy

Invisible Star
(= Mirror Star?)

Figure 3.8: Magnificationof a stars light by the gravity of aninvisible
‘star’ (Mirror star?). The light bendsaroundthe invisible star just like
light bendsin amagnifyingglass.
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Becausethe invisible star the backgroundstar and our solar
systemareall in relatve motion,themagnificationcanonly lastfor
a finite time. The more massve the invisible object(the lens),the
strongeiits gravitationaleffectandthelongertheperiodof increased
brightnessFor masse# therangefrom planetsizeto severaltimes
the Suns massthe brightnesdastsfrom a few hoursto asmuchas
a yearor so. However, evenif the halo of our galaxywasfull of
invisible massve objects thechancehatoneof theseobjectswould
pasdetweerusandaparticularbackgroundstaris verylow. In fact,
it canbe estimatedhatthe chancds aboutonein amillion, but the
oddscanbeimprovedby simultaneouslynonitoringalarge number
of starsover severalyears.

Four teamsof researchedegan the searchnearly a decade
ago.Firstoff theblockswastheFrenchcollaboratiorExperiencele
Recherchel’ObjectsSombregEROS),which wascloselyfollowed
by the Optical Gravitational Lensing Experiment(OGLE), run by
Paczynskiand colleaguesat the University of Warsav in Poland,
thelargeAustralian- US Massive CompactHalo ObjectsfMACHO)
project, and a smaller French effort called Disk Unseen
objects(DUO). All four usegroundbasedtelescopesand a large
amountof computermemoryto storethe brightnessmeasurements
of millions of stars. When theseprojectsstartedit was expected
thatthemostlikely candidatdor theinvisible haloobjectswerelow
massstarscalledbrowvn dwarfsweighinglessthan10%the massof
the Sun. Suchlightweightswould betoo faintto seeandthusmight
betheinvisible componenof our galaxy However, whatthey found
wasnot lightweightsbut stellarweight objects,with atypical mass
of abouthalf the massof the Sun,andenougheventsto accountfor
nearlyhalf the estimatednassof the halo. Several sucheventsare
shavn onthefollowing pagein Figure 3.9 obtainedoy theMACHO
experiment?.

Thus,insteadof finding whatthey mostexpected the obsena-
tionswereableto excludelightweight objectsfrom beinga signif-
icant componentof the halo. More interestingthough, is that the
resultscan be viewed as evidencefor mirror matter since mirror
starsshouldhave a typical masssimilar to that of ordinary stars—
which is closeto abouthalf the massof the Sun. In otherwords,
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MACHO LMC 2-year Events
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Figure3.9: Eightdistinct‘MA CHO events’. Thefiguresshaw theintensity
of light from a backgroundstar (vertical axis) asa function of time. The
light from the backgroundstargetsamplifiedfor a certainduration,which
occurshecauseaninvisible starpassesn front of the backgroundstar In
eachof thesecaseghe backgroundstaris in the Large MagellanicCloud
(LMC) —anearbygalaxy

the datais roughly consistentwith what you could expectwith a
mirror matterhalo. The MACHOsarejust mirror stars,or perhaps
mirror white dwarfs... Putanotherway, MACHOsarereally Mas-
sive AstrophysicalCompactHalo Mirror Objects(MACHMOSs).
Evenmoreremarkablés theinferredtotalmassoftheMACHOs
foundin the experiments.The outcomeis thatthe MACHOsmalke
up only half or a bit lessof the inferredmassof the halo'®. Recall
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our earlierdiscussion- the massof the halo could beinferredfrom
themotionof starsatvariousdistance$rom thecentreof thegalaxy
Thefactthattheresultsfrom the MACHO experimentdalls shortin
accountingor all of themassof the halosuggestshattheremustbe
anothercomponento the halowhich doesnot shawv up in the MA-

CHO experiments. Actually this featurecanalso be plausibly ex-
plainedby the mirror mattertheory Mirror starsdont make up the
entire halo simply becausamirror matter like ordinary matter ex-
istsin two forms: In theform of mirror starswhich arethe MACHO
eventsobtainedin the experimentsaswell asin theform of mirror
dustandgaswhich do not leave ary obserablesignal. [Thesepar
ticular experimentswvereonly sensitve to compacisystemssuchas
starsizedobjects,while the gravitational effect of cloudsof gasand
dustwould betoo dispersedo have beenobsered].

While plausibly explaining the resultsof theseexperimentsis
onething— rigorousproofis another Obviously it is difficult to rig-
orously prove thatthe MACHOs‘obsened’ in the experimentsare
mirror stars(unlessone of themhappengo explodein our galaxy
leadingto an obserable burst of neutrinos). On the otherhand, if
we take the mirror mattertheoryseriously MACHOsarepredicted
to exist, andif they really arethe dark matterthenthe resultsof the
MACHO experimentsreally hadto find a positve resultfor MA-
CHOs abouthalf the massof the Sun. The fact that the results
from the MACHO experimentsare consistentwith this prediction
is strongevidencefor thetheory Siill, if it wasthe only evidence
for mirror matter thenthe casefor its existencewould be far from
compelling. In short, it would be nothingto write home about—
let alonea book! However, | will identify sezen major puzzlesin
astronomyandparticle physics,eachplausiblysuggestinghat mir-
ror matterexists.

MACHOsor WIMPs?

Let usfinish this chaptermwith a brief discussiorof the mainal-
ternatve modelfor the dark matter While mirror mattercanlead
to the formationof mirror stars,which areanexampleof a Massve
AstrophysicalCompactHalo Object (MACHO), the main alterna-
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tive candidatefor the invisible dark matteris appropriatelycalled
WIMPs. WIMPs are hypotheticaM/eakly InteractingMassve Par-
ticles. Theirinvisibility arisesbecauseét is assumedhatthey dont
coupleto photons. In fact, they interactonly by extremely weak
short-rangenteractionsand consequentlyhey seldomcollide with
eachother (or with ordinary matter)which meansthat they cant
collapseto form starsizedobjects. They cannotthereforeexplain
theMACHO events.Actually they appeaito have greatdifficulty in
explaining mary of the specificobserationson the natureof dark
matter For example, WIMP dark mattermakesspecificpredictions
for the densityprofile of dark matterin galaxieswhich seemso be
in strongdisagreementvith obserations®. Furthermore WIMPs
seemunableto explain the inferred complity of dark matter Of
courseit is possiblethatl maybebiased!In defenceof WIMP theo-
riesonecansaythatthey arevery popularamongparticlephysicists.
In view of theirpopularity mary experimenterfiave beensearch-

ing for WIMPs for along time. Theideais thattheseweaklyinter-
acting particlescould make an obserable signalin purpose-hilt
undegrounddetectors. Insteadof going into the boring technical
details,let mesaysomethingabouttheflavour of the WIMP search.
Evenbetter let me quoteoneof the WIMP enthusiastshemseles.
Twelve yearsago(1989),L. Krausseloquentlycapturedhe excite-
mentof the huntwhenhewrotein colourful languagé’:

You area graduatestudentin physics. It’'s late Saturdaynight
andyou would muchratherbe at a party. Instead,you area mile
undeground,in a cavernousenclosure entertainedonly by the
soundof acoolingfanwhirring in the desk-topminicomputerthat
is monitoringpulsesreceived from the gagantuardevice located
in the main chambemext door. It hasbeena boring eight-hour
shiftandyoulongto take the elevatorride upthemine shaftto the
surface to breaththefreshair andto watchthe night sky, the stars
twinkling, andthe cool, evanescentlow of the moonbathingthe
earths surface.You are,afterall, studyingto be anastrophysicist,
not a geologist. Whenyou forsooka lucrative programmingjob
in orderto returnto graduateschool,you ervisionedworking ata
hugeradiotelescopaimedatthehearens,sensinghefaintpulses
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emittedby quasardillions of light-yearsaway. Yethereyou are,
deepundeground, monitoring a new experimentbuilt by a col-
laborationamongfour universitieslocatedon threecontinents.n
orderto pasghetime youwatchthe calibrationpulsesappeamwith
clocklike regularity on your monitor, noting how eachexactly re-
produceghelast.

Suddenly almosttoo fastto senseyou notice somethingmo-
mentarilydifferentaboutthesignal. You halttheon-lineoutputon
thecomputerandcall up theprogramthatsingle-stepshroughthe
data. While the programloadson the machine,your mind races.
Thereis asmallchancehatthe pulseyou saw, or imagined,is the
infinitesimally small signal from an elementaryparticle making
up atotally new typeof matternever beforeobsenedon earththat
interactedn your detector If so, this could be the first time this
particlehasinteractedn thetento fifteenbillion yearssinceit was
createdn thefiery Big Bang. You maybelooking atasignalfrom
thebeginningof time! Suchparticlesmay constituteonehundred
times more material,by weight, than everythingwe can seeput
togethey therebygoverningthe structure evolution, andeventual
fateof theuniverse!Your discovery could affect the way we think
aboutthe universeas dramaticallyas had Copernicuss assertion
thatthe earthmovesaboutthe sun...

Or perhapst is justabit of noisein thedetector..

This was publishedin 1989, and unluckily for that poor graduate
studentjt wasin facta ‘bit of noisein the detector’;he’s still down
thatmineshaftwaiting for asignalfrom thedawn of time. He'slong
givenup hopeof ary excitementandregretsnottakingthatlucrative
programmingob...

Despitemorethana decadeof dedicatedsearchesno WIMPs
have beendetected. While | suspecthat WIMPs do not exist, |
definitely supportsuchexperiments- solong as| dont have to do
them! It's the only way of knowing for sure. Experimentsarethe
essencef science...
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Beautyandthe Beast

The mostpopularmanifestatiorof WIMPs comesfrom a parti-
cle physicstheorycalled‘supersymmetry’. Supersymmetrys one
of thosegoodideaswhich doesnot seemto be usedin nature.Su-
persymmetrys asymmetrywhich connectsgachof theknown types
of elementaryparticlewith a hypothetical'superpartner’ of a dif-
ferentspin. That sucha symmetrycan exist is quite non-trvial.
For the mathematicallymindedsupersymmetrjroldsmuchcharm.
However, its implementatiorasa symmetryof particleinteractions
is very troublesomefor experiments. Most importantis that the
supposedsuperpartnersof eachof theknown elementaryparticles
musthave the samemassasthe ordinary particles. This featureis
very similar to the propertiesof mirror particlesor anti-particles;
they alsohave the samemassastheir correspondingrdinaryparti-
cles. That's whatthe symmetrytells us. The problemwith super
symmetryis thatif they did have thesamemassthenthesuperparti-
cleswould have beenexperimentallydiscoreredmary yearsagoin
laboratoryexperiments.Thereis simply no known way of making
theminvisible in the Lab — exceptby breakingthe symmetry It is
very sad. Supersymmetrys probablywhat ThomasHuxley hadin
mind whenhewrote, ‘The greattragedyof sciencetheslayingof a
beautifulhypothesidy anugly fact’, or maybenot.

Although it is possible to write down theories with
hypothetical superparticles which have ‘broken symmetry’,
they tendto be very complicatedbecausehereare essentiallyun-
limited waysof breakingthe symmetry The resultingconstruction
is calledthe ‘minimal supersymmetristandardnodel’, which has
morethan100freeparameters andthat'stheminimalmodel! Nev-
erthelesssupersymmetrys very popularamongparticle physicists
becausehey canwrite lots of paperspredictingall of the experi-
mentaleffects that these100 parameterallow. Anyway, because
of all theseparameterst is possibleto arrangethings so that the
lightestsupersymmetriparticleis neutralandstable andcanthere-
fore bethe darkmatterof the Universe.It seemdo methough,that
this scenariois not very compellingbecauseét is ad hoc For ex-
ample,thereis no theoreticalreasorfor ary of the supersymmetric
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particlesto be stableoncethe symmetryis broken. Overall, it has
always seemedo me that supersymmetrienodelsare very ugly,
principally becausehey aresocomplicatedandarbitrary

Thisisin sharpcontrasto themanifesteautyof mirror symme-
try which canbe completelyunbrolen if mirror matterexists. The
microscopicpropertiesof the mirror particlesare thencompletely
fixed without ary problemsfor existing experiments. One could
alsoimaginebreakingmirror symmetryby giving the mirror parti-
clesheavier or lighter masses- but this leadsto sevenyearsof bad
luck! | shouldknow, | toyed with sucha modelin 1994, exactly
seven yearsago. Of course,beautyis not necessarilythe sameas
truth. Beautyalways involves somesubjectve judgement. In the
endwe musteachfollow our own judgementthe truth of the (mir-
ror) matterwill bedecidedby carefulexperimentsandobsenations.

If mirror matter doesindeedexist in our galaxy then binary
systemsconsistingof ordinary and mirror mattershouldalso ex-
ist. Although systemscontainingapproximatelyequalamountsof
ordinaryandmirror matterareunlikely dueto, for example,the dif-
fering ratesof collapsefor ordinaryandmirror matter(leadingto a
local segregationof ordinaryandmirror matter),systemsontaining
predominatelyordinary matterwith a smallamountof mirror mat-
ter andvice versa,shouldexist. Interestingly thereis remarkable
evidencefor the existenceof suchsystemscomingfrom extrasolar
planetastronomythe subjectof the next chapter



