e & Quartan foan (oo refemred 10 as gpase-time
- , o5 fmr/ & a concept in quantam mechaniss devised
= by Tolx Wheelor i 1955, The foan ie
e - . supposed s be conseptaalized as the frandation
= __; = ' ,‘_i'.y‘h af the falﬁ’o af the aniverse, A/é’ﬂb/(a/é,
= ""‘:- gaawlam foan oan be ased as a gaalitative
desorplin of sabatomic space-time larbutence
Lt etremely swilll dictaces (on the order of
£  the Pluck loapth). At such swall ssales of
, o 2 ‘ - tine and gpace, Uhe ffeisentory aoertainty
i | i f o priveiple llows exergy to brisfly decay into
B d i 4 _.‘;‘,-':f 7 ’ /afﬂ'o&e wnd antijpartisbes and then anikitate
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//3 - E s 1 | without vislhlig physisal consepsation baws, Ais
the esale of lime and space berigp éw«em/ 4;;2/;/(1&; the exergy of the virtaad partisbes inoreases.
Aecordip to Linsteins theory of peneral retutinty, enerpy carves space-tine, Thic suggests
that—at sufffisiently swall soabos—the energy of these flustuations woald be large exvaph to cause
sipuifieant departares fron the smooth gpace-tine seex at larger soabes, pivigy space~tiwe @ foamy "
oharaster,

With ax ixcomplete theory of quantam pravity, ¢ is inpossible To be certui what space~time wonld
took like at these smal soales, beoause existinp theorivs of gravity do not give accarate predistions
i that reatn, 7;77&/‘:’/0‘0/%, ay of the /&M/?//}y theories of gacntan gravty may inprove ou
wderstanding of quantam foam as they are lested, fmvever, observations of radiation from nearby
gaasars by Flayd Stecker of NASA s Gudtard Space Flipht Center have pluved strong
experinental limite ox the possible violations of Linsteins special theory of retatinty implied by the
euistonce of quantan foam. Thas experinentad evidense o0 far has piven a range of vabues i whish
soientists oan lest for guantan foan,



The MAGIC (Major Aimospheris Gamma-ray

lwaping Cherenkor) telossqpes have detooted

that anonp gamma-ray photons arrivig from the

blazar Markarian 507, some /éob‘w(c at

3 = = | dfforent enerpy lovel arrived ot different
Led - H £ i limes, supgestivg that some of the photons had

7 N moved more stowly and thas contradisting the

R theary of gererad welltivity s i of the

; 7 c T speed of lpht beinp constant, a dizerepancy

g whish o0 be explueed by the inmegatirity of

= L qaantan foan, More recent enperinents were
Y ' = //‘// ’ -} fowever wable T confirm the supposed variation
on the speed of lpht due %0 graiviness of space.
Other experinente invobring the pobarication of fpht from distant garma ray buarsts have abos
produced contradistory resube, More Larth-based experinents are onpaip or proposed,

Noray and gamma-ray observations of guasars ased data from NASA & Chandra X-ray Dbservatory,
the [(erm Gamma-ray Space Telosoqpe and promd-based gammaray sbservations from the Very
Lrergetic Rudlation wapip Tebossqpe Array (VERITAS) show that space-time is aniform doun to
distanses 7000 Giwes swaller than the nasteas of a hydragen atom,

Quantam mechaniss predists that space-time is not smooth, ixstead spase-time would have a foamy,
Jittery natare and woulll sonsist of many swatl] ever—changring, regions ix whish space wnd time are
wot deffinite, but ftactaate,

The predisted soate of space-tine foan i about lon lines a billlonth of the diameter of a kydropen
aton & naoteas, whish carnot be weaswred direstly, A framy space-tine wonll kave linite on the
ascarasy with whish distances oar be measured becuse the size of the many guantam bubblos



throuph whish Apht travele witl flactuate, Dependiny on
the space-time model ased] the spase-tine ancertuintios
acoumatite ot dffferent rates as lpht lravels throaph the
vast distances,

Chandra & Noray delection of quasars at dictances of
bitline of lpht gears rabes oat the moded where photons
diffuse randonty throaph spacetine foam, cimitar to hpht
dffusip passixy throuph fop.

Measaremente of gaasars at shorter, gamma-ray
wavelonpths with Ferm; and] shorler wavelonpths with
VERITAS rate oat a second moded] catled a holapraphis
model with tess dfffusion.

Quantan foan is thearized o be the fabric ' of the Universe, but camot be dbserved yet because it
iz too swalll, e, guantum foam is theorized lo be oreated by virtual partivtes of very hih
energy. Viwtadd partivlos qppear i quantum fioll theary, aricing briefly and then annikilating during
partisle lnteractions ix sach a way that they affect the measuwred sutpals of the interaction, even

Uhoagh Uhe virtaad partistes are themselves space, [hese vavaan flastuations * affect the
properties of the vacaam, pivig /¥ @ xonzers energy Kunown as vacaan exergy, itself a type of zero-
poit enerpy. flowever, physicists are avertuix dbout the mapnitade of this form of exerpy,

The Casimin offect can abes bo andorstood ix lerms of the bekhavior of vietaad partivles ix the emply
gpace between two paratlel ptates. Ordivarity, guantam friclll theory does not deal with virtaad
partivtes of sofficiont encrgy o carve spasetine sipnifisantly, o quantam foam is a specalitive
entonsion of these concepte whish inagines the consequences of such kiph-energy vintuad partisles at
very short dictwces wnd tines, Spix foam theory is a wodern attempt lo make Wheelor s itea
gaantitative,



| In partisle physios and physioal cocmolhpy, the
Planck scale (ramed after Maw Planck) is
exerpy soale aroand 1,22 x 1079 Golf (the
o Planck energy, corresponding G the mass-energy
ez equiratonse of the Planck mass, 2.17645 x 70—8

T P
7 & ‘7:‘;' stronp. A¢ this soale, preseat desorplions and
//_;/,f/,/ EET D i of eubetimis partihs intopastine it torms
77 f (e = 2 gatntan freld theary break down and become
, ////// , inadequate, due To the impact of the apparent non-

mama/?i'a//ﬁ't;‘y of ravity withix carrent Uheories,

At the Phawck soabe, the strenpth of pravity i
expected to beoome comparable with the other forces, ard ¢ is theorised that all the fondamental
foroes are anffied at that seale, but the exact mechanisn of this anifisation remaivs ankaown, The
Planok soatb is therefore the point where the effecte of quantum gravity can no lunger be jpored
i other fundumentel ixteracting, md where carrent catoabitine and qpproashes begin b break
down, and a means to ake account of (b impast s required,

White physioiste have a fuirly good aderstandinp of the other fudamentad ixterastine of foroes on
the quantam level] gravity is problematic, and oamot be itegrated with quantam meskaniss at very
tigh excrpics asinp the asaal framework of quantam ol theory. AL losser exersy lovelb it i
wsaally jpored] white for exerios qpproaching or exceediny the Plunck soate, a new theary of
guantan pravity is requived, Other ggprotches lo this problon ixctade string theory and M-theory,
togp guantam gravity, noncommatative geometry, soate relilivnty, cansal set theory ard p-adie
mathematival physies.



The tern Plarck soale can abeo refor to a lepth soale or line soale,
Quntity ST equivabent

Pk tiwe  5,39727 x 10—#4 ¢

Pk mass  2,77645 « 10—8 Ly

Planck lewpth (LF) 7.676252x70—35 w

SR ke Plinok length e relited to Pliok energy by
. % " the woertuinty privople. A thic soale, the concepts
R T | fein and dstace break don, a5 guartan
g B A SO 3 indelermiracy becomes virtaally absotute, Because the
%) i Sotuarzsohitl radias of a btack hole i rongphlly egual
Tk J o b7 A ‘ . to the Compton wavelongth at the Plarck soate, a
e e - photon with eoffiiient exergy o probe this reat

would gicld 10 information whatesever, finy photon energetis enoagh 1o precively measwre a Plarck-
sized ofject coulll actaally oreate a partice of that diwension, but ¢ woull be massive envaph to
inwediately becone a btk hote (1.0 Plwek partisls), thas complotely distortig that region of
space, and swallowing The phaton. This i the most extreme example possitle of the anoertuinty
privople, and expbuivs why by a guantam pravity theory reconsiliny genered relutivity with
guontam meshaniss witl allow as o anderstond the dyramios of space-tine at this soabe, Plinck soate
dpnamios are important for cosmolagy becaase (ff we trace the evolitinn of the cosmos back to the
very beginning, at some very early stage the aniverse shoulll have boen g0 kot that processes
involvig excrics as hiph as the Pluck exergy (corresponding to distances as short as the Pluck
toapth) may have asoarred, This perind is therefore called the Pluck era or Plnek eposk, The
natare of reallty at the Pluck soale i the sabject of mack debate ix the world of physivs, as it
retates to a sarprisingly broad range of topics, [t mag, ix fact; be a fundamental aspect of the



aniverse, I lerws of eize, the Pluok soabe is entremely
snall (wany orders of mapnitede swallor than a proton). lh
o lorms of exergy, it ic extremely hot'and energetic, The
= e ‘ == - waveloapth of a phaton (and therefore it size ) decpeases as
e s frequency or exery inoreases, [he fardamental linit for
a photon s exergy i the Plunok energy, for the reasoe
,  oited abwe, This makes the Flanck soale a fasoinaling reat
o pecddution by thearstioal physivists from varis sohoolt
of thougpht, (s the Planck seale domair a seethinp mass of
vietaal black holos?[ortation needed] fe it a fabris of
wiinagivably five toape or a pix foan network?eitation needed] Maybe at this fundamental love!
ol that remains off space-time is the causal order? ls i€ interpenctrated by imamerabte Catobi-Fau
wanifolds, (2] whish comnect our 3~dimensinal wriverse with a hiher-dnensinal space 7 Forhaps
o 3-D) wiverse is &itling on a brane (3] whick separates it from a 2, 5, or 10-dinensional
whiverse and this ascoumtls for the apparent weakness' of gravity ix aurs, These approcches, anorp
severdd others, are beirp consitered to gaix insipht irto Pluck soate dynamivs, Thie woald allow
physisiste o create a wnified desorplion of il the frndamentad forces.

Luperinentad evitence of Planck soabe dgnamivs iis difffisatt to obtuis, and anti! guite recently was
soant lo non-existent, Althouph 1 remains inpossible Vo probe this realn directly, as these exergios
are well beyord the capability of any carrent o pluned partisle accelorator, there possitly was a
line when the aniverse tselff achioved Planck soabe encrpies, and we kave measured the afterplow
of Vhat era with ixstraments such as the WAL probe, whish recently acoumabited suffisient data
lo allow seionticts to prode back to the finst tritlionth of a second after the Bjp Burg, rear the
ebectroweak phase transition, This i litl several orders of magnitude away from the Plinek

epock, when the aniverse was af the Plunck soate, but plareed probes such as Pluwok Survegor and



related experiments suck as leeCube enpect lo Mt{y inprove on
carrent astraphysioal measarements,

Wo experinent carrent o plamed witl allow the precise probinp or

complote anderstanding of the Plinek scate, Noethetoss, envaph

data kas abready been acoamathted to narrow the fiold of workabte
inflationary aniverse theories, and to eliminate some theorized extensions to the Standard Model,

The carrent uderstundinp of gravity i based on FAlbert Lixsteins peneral theory of relatinty,
whish iis formabated withic the framework of classivad physios. O the ather hand] the non-
gravitationad forces are desoribed withi the framewort, of guantam mechaniss, a radisally different
formalisn for decoribing physisael phenomena based o probubitlty. The necessity of a gaantam
wechanisal desorption of gravity follows from the faot that ore camot smsistently couple a
obassiead system lo a guantun ore.

Abthouph a guantan theary of gravity e needed in arder U reconcite generad rebitinity with the
priveiples of guantam mechaniss, difffisablies arise when one attempls bo apply the asual presorjptions
of guantan fiell theory to the force of pravity. From a becknisal point of view, the problon ic that
the Uheary one gels ix this way s 10t rensrmabizable and Uherefore camnot be ased to make
weaniggful physisa predistios. As a resatt; theorists have takex ap more radizal approaches to the
problem of guantum gravty, the most pypatar qppronches being string theory nd loap quantam
Jravty, /;// A recent develipment i the theory of cansal ferminn spstems whish pives gaantam
mechanivs, gencraf rebitin'ty, wd guntan (il theory as limting cases.

Stristhy speakiip, the ain of gaantam pravity ie mby to dessribe the guantam behavior of the
gravitationdd frold and shoud not be confused with the objective of wnifping ol fundamental
inleractions ixto a sixple mathematical framework, White ary substantiol improvement ito the
present wderstunding of gravity woulll ail further work touwards anifisation, stady of qaantan
pravity ie a frell i ils s mpht with varioas brarches kaving different appronches to anifisation.



Abthouph some qaantam pravity theories, cuch as strip theory, try
lo anify gravty with the other fudumenta forces, others, such as
togp guantam gravity, make 1o suck attempt; ixstead] they make ax
effort to quantize the gravitationad ficld whie (¢ is Kept separate
from the other forces. A theory of quantan gravity that is abes a
grand anjfisation of all Kaown interactions is somelines referred to as
a b‘kwy 0f &Mlyﬂl}y / mﬂ

ke of the diffisatlics of quantan gravity is that quantan gravitational efffecte are oy expected to
besome apparent near the Plunck scale, a soale for smaller ix dictance /aya/baél% for barger ix
exergy) than what e carrently woessible at kiph exerpy partisle acelorators, As a result
guantam gravity i a mainly theorelival exterprise, abbhoaph there are specalitions about how
guantam gravity effects mpht be observed ix existing experinents,

Mack of the diffoatty ix meshinp these theorics at ol energy soates comes from the different
assumplions that these thearies make on how the wriverse works, Quwntun fiell theory depends on
partiste fiolls embedded ix the fat space~tine of special relutivity. Generad rebutivity modele
Jravily as a curratare within space-tine that changes as a pravitatinal wass moves, ffietorisally,
the most obvivas way of combining the two (euch as treatinp pravity as sinply another partiole
fold) ran guiskly it what is kuown as the renormalleation problem. Iy the oli-fashined
wderstandiny of renormalization, gravity partisloes wonll atiract each other md ading togetier off
of the ixterastions resablis ix many infinite vabaes which camot easity be carcelled oat
nathenatioally to giell sensible, fite resabls. This i in contrast with guantum ebestrodpnamios
where, given that the sertos st do a0t converge, the inleraclions sometines coathate Uo infinite
resullls, but those are fow enoaph ix namber lo be removable via renormallcation,



N S Quantam gravity can be treated as an effective fiold
oy, Lffective guantun fioll theorios come with some
y tiph-enerpy catoff, beyond whish we do not expect that
the theory provides a good desoriptin of natare. The
infinitics " thex become targe but finite quantitics
| dependlivg on thie finite cateff esabe, and sorrespond b
processes that ixvobve very hih enerpics rear the fudumentad satofff These guantitios can then be
absorbed ixto an infiinte collestion of couplinp constants, and at energies well below the fondamental
cuteff of the theary, G0 any desived precision; oty a finte namber of these coaplixp constants need
lo be measured ix arder bo make logitiinate guantam-weohanizal predistions. This same logis works
St as welll for the biphty seccessfal theory of lu-enerpy pions as for quntan gravity. Indeed
the first quantan-wechanizal corrections o graviton-soatlorisy wnd Newlon & buw of pravitation have
beex explioitly compated (abbkongh they are so infintesinally swall that we may rever be able to
weaswre them), Ik faet, Jravity is ix many wags a mack beller quantum fiell theory than the
Standard Moded] cince it qppears to be valld ol the way ap o ibe outoff at the Pluck soate.
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White confiimmig that quantam mechanios and pravity are indoed oonsistent o reasmable energics, 1t
s oloar that near or above the furdunental sutoff of our effective quantan theory of gravty (the
outofff ¢ generally assumed 00 be of the order of the Plinek e0ale), a new wodel of nature witl be
needed, Speoifisally, the problom of sombiniy guontam mechaniss and granty becomes an issae only
at very kiph exerpivs, and may well require a totally vew bind of moded,

The gexerad yproach Go derivip a guantam gravty theary that is valld at evex the hiphest exergy
soales ¢ lo assame that sach a theory with be simple wd elogant wd accordingly, to stady
symmetries and other obaes offered by ourrent theorios that mpht saggest ways lo combive them
into @ comprefensive, aified theory, Che problem with this approach i that 1t is anbnown whether
guantam gravity witl awtually conform o a sinple and elogant theory, as (¢ shoull resoblve the dacf



oonandrams of specisd rebativity with regard o the aniformity of acceloration and gravity, ard
general relativity with regard to spacetine carvature,

Suck a theory ie required i order bo wndemstand probloms
involoig the combination of very high exergy and very
swall diwensions of space, each as the behavior of black

§ foles, and The oripi of the aniverse,

| A¢ present, one of the deepest problems i theoretical

physiss e harmonizigy the theory of penerad relutivity,
whish dessribes gpravitation, and sgplisatios 00 large~soale
strctares (stars, pluets, gabusies), with gaanton
mechanics, which deseribes the other three furdumental
forees acting on the alomiz soate. Thi problen must be
put ix Uhe proper content, however. lx partisatar,
contirary lo the poputar obuin that guantom mechanios and
generdd rebativily are frndamentally ixcompatitte, one can
demonstrate that the stracture of general relativity
essentially follws inevitably from the quantam meckaniss of ixterasting theorelisal spix-2 masstess
partisles (called pravions),

Wit there e 1o concrele proof of the existense of pravitons, guanticed thearies of matter way
necessitale their existonce, [ertatin needed)] Sapporting this theary is the abservation that ofl
frndamental forces except pravity have one or more Kaown messeaper partivtes, beadip researchers
lo belleve that at loast me most likely does erict; they have dubbed thi kypothelioad partiste the
graviton, The predioted fid would resatt in the olassifisation of the praviton as a force partiote”
simitar 0o the photon of the elootromapnetic fiold, Many of the avoepted wotions of a anified theory
of physiss since the 79705 assume, and G0 some degree depend qpon, Uhe exislence of the gpraviton,



These irolade string Uheory, expersirinp theory, M-theory, ard bugp guantam pravity, Deteotion of
pravitons iis thas vital to the validation of varivas lres of research to anify gaantam mechanics and
retutinty theory,

! o \\\v‘ '%g‘ The ditaton made /&’ﬁrs’f@o/aww "

i \ : oy fabaza-Kteix theory, a five-dinensinal theory

: that combived pravitation and electromapnelion,
g A o , Generallly, it appears i strip theory, More

4

\ !Q. " ® - _ recently, however, ts become central lo the
‘ _ L ‘QA ‘B - lwerdimensional many-bodid pravity problom
i : J - 3 . " = /afa/ on the field theoretic approach of Kowan

ackiiv. The mt«e arose ﬁw the fmt :,%a:f m,a&w wabylivad sobutions for the metris of a
covariant N-body systen have proven elasive i generad relatinity, To simplify The problem, the
nanber of dinensions was lowered to (7+7), i.e., oe spatiad dinension and one temporad diwensin,
This wodel problom, kaown as P=T theory (as ypposed to the general G=T theory) was amenable
lo exast sobutions ix torns of a generalization of the Lambert W function, [t was abeo found that the
fol equation governip the ditaton (derived from differentiof geometry) was the Sohridiper
equation and consequently anenable o guantization,

Thas, one had @ theory whish combived gravity, quantization, and even the elootromagnetis
interaction, promising igredients af a fa«/ax«t‘a/ //f«f/ba/ b‘/oa/y. 1t e worth noting that thie
oateome revealed o previnasly ankwown and abready exicting natarad lirk between generad relutivity
and qaanton mechanios, fmever, thic theory taoks generalization 0o the (241) ar (3+7)
dimensions, [k priveple, the fiold equations are amenable o sach generalization (as shown with the
inelasion off @ one~graviton process) and il the correct Newtomian bt ix d dinensions bat oty if
a dthton ie irotaded, Farthermore, ¢ i not yet cloar what the folly peneralized il equation
governiny the ditaton ix (3+7) dinensions shoad be. The frot that gravtons oan propagate i



(3+1) dixensions inplles that gravitome and ditatone do exit i the real worll, Nonetheloss,
delection af the ditaton is oWM lo be even more elusive than the Jraviton. But since this
simplified approach combives pravitationsd] ebectromapretic and qaantam efffects, their conplip conld
/M&‘a{l"/&/@ boad to a means af virdioating the tka/?, Uhrouph amwé” ad even, /oarlqoc,
awnkuh// 72

o P ¥ A"‘f’:"’" { Goveral relutivity, e clostrompretion, is a

, &f “.. ‘;” " ctuseisal fiold theory. Dhe mipht expect that, as
, ‘ Y ,ﬂ ‘/;/“ ’ 'f.‘ with electromapnetisn, the gpravitational force
d shoutl abeo have a correspondip quantam frelll

/ J\‘ ? lﬂi g

/“ ¥ b: Y ’ ‘ fowever, gravty is pertarbatively
nonrensrmalizable, For a guantum field theory to be

well-defived accordinp Vo Uhic anderstonding of the subject, ¢ mast be asymplotically free or
asymptotiocally sofe. The theory mast be characleried by a choise of finitely mary parameters,
whish coadl] i priveipll, be set by experinent, For examplle, in quantam electrodpmamiss these
parameters are the charge wnd mass of the elostron, as measured at a partisabar energy soale,

Oh the other hand] ix quantiziey gravity Uhere are infintely many indapendont parametors
(coantertorm cooffivionts) needed to defive the theory. For a given chaive of those parameters, one
coull makle sexse of the theory, but sirce it impossibte to condast infinite experinente o fii the
vathes of every parameter, we do 1ot have @ meaningfol physicad theary:

AL tw exerpics, the lagii of the rexormalization prowp lelle as that, despite the anbuown chaises of
these infiuitely mang paranetors, quantun gravity witl reduce to the asuad Linstoin theory of
generdd m&ﬁb@.



Oh the other hand] (f we conld probe very kiph
encrplos where guantam effects take aver, ther
every ore of the infinitely mary ankuown
paraneters wonld begin o matter, axd we conll
make o /Mbﬂbf(e A

lf we treat Q5 as an offective fiold theory,
there e a way around This problem,

That is, the meaninpfof theory of guantam pravity (that makes sense and i preditive at ol
energy M/ /kkmté /390/73« some deep /n}(o;% that reduces the /kﬁ(/’fe{y wany ankwown
parameters o a fieite namber that sax then be measured:

Ore possibility i that norwal pertarbation theory i 1t a rebiable guide G the renorwalizability of
Uhe theory, ad that there m/@ & a AV fved poit for Jrovty, Since thie is a gaestion of non-
perturbative guntun (il theory, 1t e dfffioatt to fird a reliable answer, but some peqple stitt
puarsae this 9ption.

Arother possibillty ic that there are new anfrund symmetry priveiples that constrain the paramelons
wnd reduce them to a finite set, This is the route taken by strivp theory, where ol of the
exo/tations of the slring essentilly manifest themseloes as new symmetries.

lh ax efffective fiell theory, ol but the first fow of the infinte st of parameters ix a xon-
renormallzable theiry are sypressed by hape encrpy soales and hence oan be neplested when
compatinp tow-energy effects. Thas, at least i the low-cnergy regine, the model ié indeed a
predistive guanton fiel theory. (A very siniler sitaation sccars for the very simtar effestive
[l theory of touw-exergy pins.,) Farthermore, many theorists apree that even the Standard
Model should reatly be regarded as an effective fiold theary as well] with tonrenormalizable "
interastine suppressed by lurge exnerpy soates and whose effects have consequently not beex



Y 45“/;‘

o> /o -

Recent work has shown that by treatinp genered relutivity as ax effective fioll theory, ore car
ataally make ligitinate preditins for gaantan pravity, at beast for luw-exergy phesomena, Fx
example. i the well-known catsalation of the Ting finst-order quantam-mechanizal correstion b the
otussival Newtominn gravitationad potentiad between tws masses,

A fudunental losson of general rebatinty is that there ie 1o fived spacetine baskpround] as foard
ix Newtomion mechanios and a;no/k/ m&ﬂiﬂ'(% the Spaceline geomelry (& é«amb. White easy to
prasp ix privople, Uhis is Uhe hardest idea to anderstond aboat generdd rebativity, and e
consequences are profoud wnd w0t fully explored] even at the olassioal level. 7o a certain extent,
generdd rebalivily can be seen o be a retutionad theory, ix whish the only physicatly relovant
information s the relutionshy between diffferent events ix space-tine.,

Oh the other hand quantam mechanios has depended sivoe its inoeption on a frved backproand (on-
dypnais) strastare, lx the case of quantan mechaniss, it i Gine that is given and ot dgnans, Just
as ix Newlonin obassisal mechaniss. (x rebativistic qaantam fioll theory, just as i otussioad froll
theory, Minkowski spasetine s the fived backypround of the theory.

Strigg theory can be seen as a generalzation of gaantan feld theary where ixstead of poirt
partisles, string-like objects propagate ix a fied spacetine baokproand ofbhouph the interastins
anony olosed striggs give rice lo space-time ix a dynamisad way, Alehouph strinp theory kad ite



omipis i Uhe stady of gaark confivement and 1ot of guantam gravity, it was soon dissovered that the
string Spectrun contains the graviton, and that Gondensalion  of certain vibration modes of strinps is
equivalent b a modfisation of the oripinal backproand, Ir this sense, string pertarbation theory
exhibits exactly the foatares e woull enpect of a perturbation theory that may exkibit a stronp
dependence on asymptatiss (as seen, for ewample, in the ALS/CFT correspondence) whick is a weak

form of backpround dependence.
= == Logp quantan gravity i the frut of ax efffort to
H o T fmdite o buokproandindopendiat guartan
TS theory.

“Z(143) " P wonfn [opolopical quantan fioll theary provided w

ms{pp-ita) exanple off backpround-independent guadntan
n= i S~ (1) theory, but with no lrodd degrees of freedom,

AR ad M[} ﬁ(/ﬁ& many /e;fm 0f Mn
by, This ie iradequate to dosoribe gravity ix 3+7 dimencios, whish has thood degrees of
[reedom acoordiny o general rebulivity. x 2+1 dinensions, however, gravity i a topolapiodd frieli
theory, ad it has been swcessfully quantized ix severdd different ways, inctuding spin networs,

Quantan fiel theory ox carved (xon-Minkowskian) backprounds, white 10t a full quantan theory of
gravity, has shown many prowising early resatte. I ax wnabipous way 0o the develypment of guontum
elootrodpramios ix the early part of the 20tk centary (whex physisicts considered gaantam
mechaniss i olassisal ebectromapnelic frolils), the consiteration of quanton fiold theory on a carved
backproud has led ¥ predistine suck as black hote radiation.

Phexomena such as the Hurak effect; ix whish partisles eust ix certuin accelorativg frames bat not
i statiary ones, do not pose any diffsatly when consiidered on a carved backpround (the Unrak

effect sooars even ix ftut Mickowshin backproands). The vacaun state i the state with the bast
exergy (ad may or may wot contui partisles). See Quutan fiold theory ix carved spacetine for a



wore complote discassio. [here are ather poite of tension between guantan mechanios and peneral
relatinnty.

Finst, otuseisal penerad relutivity breaks down at

. siggullritics, and gaantam mechanivs becomes iromsistent
with pexerad relutivity ix the nejphborhood of sigpaburitios
(however, 10 one is certain that ctassioal peneral
 rlutinity aplles near cingabaritios i the finst place).

Second] it is a0t oboar how To delormire the gravitational
feld of a partiole, cince ander the fleiceners
ancertainty privojple of guantum mechaniss its lhoation and
velheity oot be Kuown with certuinty, The resobation
of these points may come from a betler anderstondip of
generdd reltivity.

Third] there i the problem of tine in guantan gravity. Time has a different meaninp ix gaantan
mechanive and general relativity and kence there are subtle issues lo resolhe when trying to
formabate a theary whish combies the tws,

There are a namber of proposed quantam gravity theorics, Carrently, there iz st 1o complote and
consistent guantan theory of pravity, and the carditate models stitl need to overcome myjor formal
wd conceptua probtens. They abes face the common problom that, as yet, there is 1o way to put
gaanlam gravity predistins lo experimental lests, alihoaph there e hape for this o charge as
ﬁfaft data ﬁ‘m mm/y/aa/ observations and /afﬁaé /@ﬂb@ elperinents becomes avaitable.,

Ohe supgested starting poit is ordivarsy qaantam fiol theories which, after o] are swcessful ir
desoribing the other three basis furdumental forces in the oontent of the standard model of
elementary partivls physive, fuever, white this loade to an aoeptuble effective (quantan) fiold



theary of gravity ot bw exerpics, gravity lame out lo be mach more problematis at kipher
energics. [or ordivary ol theorics such as quantam eboctrodpnamiss, a teckniae Kaown as
rexormallzation is ax integral part of derivig predistions whish take inlo acoount hipher-enerpy
contribations, bat gravity larns oat o be nonrensrmalizable: at hiph exerpizs, qpplying the recipes
of ordinary guantum fiell theory yiolle models that are devaid of ol predistive power.

>

O Dre abbempt o overcome Uhese limitalions is to replace
N arduary gaantan il theory, whish i bused on the

S st e ',‘1‘!; olassisal conoept of a poit partiste, with a gaantum
AR s A theory of one~dinensinal extonded ofjects: strinp theory,
U At the cxenpios reashed v sarvent experinents, those
R Bl G W strips are indistinpaishable from point-fike partisles, but,
amm/é a%‘amt mc/w a,f m/%ﬁm a,f one and the same Cype of furdawental strig qppear as
partisles with different (eloctris and other) charpes, lx this way, strinp theory promises ts be a
wified desorption of ol partisbes and interactins. The theory is suscessful ix that ome mode with
abuways correspond To a graviton, the messenper partisle of pravty; however, the prive of this
suvcess are anasaal fealures suck as &iv extra dimensions of space in adilition Yo the asual three for
space and one. for Tine,

lh what & called the second superstring revotuting, it was copjectured that both strip theory and a
wifisation of generad rebitivty ad sapersymmetry buown as supergravity form part of a
kypothesized elover~dimensional moded fnown as M-theory, whish would constitute a wiaely defived
wd onsietent theory of guantam gravity. As presentty wnderstood] however, striny theory admits a
very burpe xamber (70500 by some estimates) of consictent vacus, comprising Uhe eo-called siring
Yandesspe . Sarting Uhroagh Uhis blarge famity of sobutions remaine a mejor ohallonge,

Logp guantam pravity serinsly concilers peneral relativity & insipht that spaceline ic a dynamisal
fioll wd i herefore a guantan ofject. [ts seoond idoa iis Lhat the guantanm digeretoness that



dotermires the partisle-fife bekavinr of other fioll theorics (for instarce, the photms of the
cloctromapnetic fiell) abeo affects the stracture of space,

The maix resalt of toap guantan gravity i the derivation of @ granabar etractare of space at the
. Plawck leapth, This is derived from
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ebementary guantam graxabar stractare at
the Planok ssabb, whish cute offf the abbraviolet infinitivs of quantam fioll theory.

The qaantan state of gpacetine i dosoribed i the theory by means of @ mathematisad strasture
called spix networks. Spix networks were intislly ixtroduced by Kiger Fonrose in abstract form,
wrd later shown by Carty Kovelll and Lee Siolln to derive natarally from a xon-pertarbative
guantization of generad rebatinty. Shix networks do 1ot represent guantam states of a frell ix
gpaceline; they represent directly guantam states of spacetine,



The theory i based on the reformatation of peneral relutinity Kaown as Ashtekar variables, whish
represent geomelris gravity asigy mathematioal wabigaes of ebectris wnd mapnetic frields. ln the
guantan Uheary, space iis represented by a network straoture called a spix network, evolbinp wver
tine iy disorete steps.

[ 1 { . ) )
2 ,0,,’1 ;: R The dynamiss of the theory is today constracted in
| f‘ N = 6; severdd versins, One versin starts with the canomical

1 '2},&’ }f‘ o o B guatizatin of ponered relatinty, The aralpus of Vhe
QL % 5??’9 Sohridinger equation e a Wheelor—De Wbt equatin,

v N N which can be defned withix the theory. It the covariant,
P o ; l.'g;;\i ' Y or pinfoan formalation of the theory, the quantam
dynamice i obtained via a sam over aéwmk versins of spaceline, called spinfoams. These represent
Histories of spi networks.
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ln quantam il theory, the Weirberg—Witten thearem places some constraivls on theories off
composie gravity/emergent gravty, fuever, recent develypmente attempt to show that f loaflty
& only qpprovinate and the holhpraphic prixeple is correct, the Weinberg—Witten theoren would rot
be valid

HAs was emphasized above, quantan gravivatinal effecte are extremely weak wd therefore diffisatt
lo ost, [or thie reason, the possibillty of experinentally Gesting guantam gravity kad not received
wack atbention prise lo the tate 7990¢. ffmeser, ix the past decads, physisiicts have reallzed that
eviionce for guantan gravitatinal effects can guide the develipment of the theory. Sivce
thearetisal develipment has been sbhw, the fioll of phenomentlipisal quantum gravity, whish studivs
the possibility of experinental lests, has obtuived iroreased attention,



The most widely parsaed possibilitios for guantan gravty phenomenctipy inclade violtine of Lorext
invariance, imprinte of quantam pravitatinal effects ix the cosmic misrowave backproud (ix
partisatur e poburiating, wnd decokerence induoed by flactaations i the space-tine foan,

The BICEFZ experinent detected what was intially thoaght to be prinordiad B-node polarization
oaused by gravitatinal waves ix the early wiverse. (f traly primorditd] these waves were born ae
guantan fhaotaatins ix gravty itself. Cosmolopist Kon Olun (Tafte University) stated: 7 think
Uhis i the by observatinad evilence that we have that astaally shows that gravty i

gaantized. ... [t probably the anby evilence of this that we with ever have,



