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Intvoduction

In the present popular soientific arhicle arve expibit  the
agplfcaffuuﬁ of Varions supersymmwetric quanbom, gravitetions! and
string theories in the combext of different extensions with
fundawental wembrane wodels, We exawine wodels divecty
velated to wemwbrane universes and o Wide vange of diveot
applications of Hhe contempovary Hyesretical and wathewatical
bysics in its varions wanifestations, realizations and shapes,
g)wply presented is the onrvent state of theoretical fundamwental
knowledge regarding the wost ({ehel?ei concepinal wodels of
physics beyond the standard wodel and various forms of Hheories
of everything. The report deals with theoretical inferventions for
the pbysics of dark wabber and encrgy, the physics of
supersymmelrio  black holes, quantum wormboles in  diverse
diwensions, plus presented ave also hidden symmelries in higher
dimensions Hheories in combination with new wodels of specific
types of wewbrane universes. We have reviewed the concept of
supersymmwelric black holes as it arises wnder conditions of
ﬁupergrahff{ and superstrings in diverse spacetime dimensions,
We present different supersymmetric wembrane solutions of
eleven-dimensional supergravity with special realizations of Hhe
highly extreme arveas of supersiving theory, MN-Theory and
F-Theory. ‘The paper shows Ihat we Have advanced
inferpretations of the supergravity tvansforwations phis
supertsring interactions on o supersymweiric black hole and
quantum Worwbole solnfions, with the possibility that suitable
combinations of Hhese transformations in the higher-dimensional
infevactions divecHy give vise fo the wembrane wodels
constuotions and nterprefations. Very inderesting aspects Hhat
we oonsider bere is the possibility of sustaining quanbiw
traversable wormbole spacetimes via exotic watrer wade ont of
phantom energy. The faot Hhat phantom energy can be the
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souroe of quantum Wormholes is wore than exciting, and give rise
to investigate abont Hhe existence of stars and golaxies made of
this kind of exceptional phantom water. The present article
meﬁf%a}eﬁ the possibility and  naturalness  of expanding
wormbsles i higher dimensions which is an mmportant ingredient of
the modern theories of fundamental physios, suech as superstrin
Heory, supergrabity, membrane Hheory and mwany ofhers specia
theoretical imvestigations. The wany universe system i quanbum
cosmology oan desoribe either the wultiverse wade up of diffevent
avent universes ov the spacetime landscape formed by the tew
ype of baby wniverses. The special feature of higher-dimensions
which is useful for Hhe shudy of baby wniverses is that some
wodels adwit Hheiv interpretation as supergravity and superstving
Hheories in higher dimensional ourved superspace. The theory find
exclusive sonrces of interactions between different baby
uhiverses, for any {nger#fﬁmenﬁinnal surface of the ourved
spavetime in the wultiverse hyperspave. The behavionr of baby
utiverses has been an Mmportant ingredient in understanding and
quantifying the superstring Hheory and equivalently Hhe models of
bigher-dimensional supevgravity coupled to watter inferactions of
different supermaiiplets i higher-dimensional supermanifolds
and :surerspaoef» The thesry allows for the existence of many
parallel universes where Hhe laws of nature ave slightly diffevent
from onrs and desoribe another type equations. We have shown
Hat wivvor universes can provide o significant contribution to Hhe
energy density of the waltiverse, and thus Hhey conld vepresent
the component of dark water and dark energy making wp the
speoial type of wivver wniverses with theiv  fundemental
interactions. The significant breakihrough and interpretations
with the sense over theories in higher dimensions and tHhe victory
of the Hhesry of hyperspave in the identifioation and examination
of higher dimensions of spacetime. The article examine the
multiverse of o sowewhat different kind envisaged i the
supergravity, superstoing theory and theiv higher and elegant
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extension W-theory. These theories vequive the presence of ten or
eleven spasetime dimensions vespeotively which elegant give rvise
to the wore fundamental theory of wultiverse. In Hhe membrane
theory onr wniverse and ofbers are the result of oollisions
between wembranes in  eleven dimensional  spacetime. The
membrane theory allows for the consideration of wany different
internal spaces in Hyperspave - as wuoh as o huge mmber of
diffevent pavallel universes exist, inferact and swim in Hhe
multiverse with Hs own special set of laws of nabure and
different physios.

The Dark Natter and Dark Encrgy in Higher-Dimensional Model
ofb f?rupggmf} ¥, ?:ut;erﬁﬁmgsnwnﬁylﬁ::nda%%ﬂfa I’imﬁrﬁ&ﬁ ves

In the exceptional thesvetical framework of Higher-dimensional
supergravity and superstving theovies, were the fivst attempts to
describe dark watrer and dark energy through aquintessemoe and
perfect examples of wodels designed to desoribe the dark side of the
universe With additional fundamental wembranes, We ave interestod in
the ocoupling between watter, baryonic or dark with the cnrrent
interactions, and dark energy in the oontext of particle physios models
commected 1o the thesretical High emergy physics and  quantuw
cosmology. Move precisely, we shall be concerned With snpersymwmetric
models in diverse dimensions beyond the standard woedel of particle
physios. Noreover, wodels of dark water and dark energy were
ewmbedded n  supergravity and superstrings i the diffevent
publications. ‘The  fundwmewtal  wotivation  for  indroducing
supersymmetry remains  the avgument that theories describing
physios over am ewergy vange of wany decades wust incorporate
supersymmetey in gvder o vewain technically natural. I+ is worth
itevating the details of this techmical natuvalness, which we will do
shportly. Further wobivation derives frowm the observation that o
combination of supersymwetry transformations gives o spacetime
transformation, so that theories of looal supevsywmetry necessarily
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oontain local spacetime transformations, and thus fbe{y contain
gravity. It rewains an open problem to construct o viahle theory of
clementary pavticle physics which contains gravity, but wuch

oan be said in the context of supsrsymmetrio Hheovies. Our system of
winding and wowentum wodes is described by nonequilibrium dynamios
due to the expanding background spacetime. All the information abont
the evolution of Hhese wodes will be contained in the effective Hype of
inferactions. Supersymmetry is usually assumed to be broken i
hidden sector. In the following, we will concentvate on the possibility
that the breaking of supevsymmetry is transwitted to the standard
wodel via gravitational ikeractions. The coupling dark energy to
supsrsymmetry breaking wodifies vunaway potentials in o drastic way,
giving o large mass to the quintessence field of ovder of Hhe graviting
mass. This can only be avoided using no scale wodels. In this case,
only very special superpotentials can lead to o chameleon effect, and
therefore viable wodels, The construction of such wodels is
ohallenging and worth pursuing. We ewbed wodels of holographic dark
energy oonpled to dark matter in minimal supevgravity plis matter,
with one obiral superfield. We analyse two cases. The fivst one has
the Hubble vadius as Hhe infraved outoff and the interaction hetwesn
the twe fluids s Irupuﬁnnal to the energy density of the dark
encrgy. The second case has the fubare ecvent horizon as infraved
outoff while the mteraction is propertional to the encrgy density of
both components of the dark sector. Re?armg Hhe low-energy Iimit of
superstring Hheory, supergravity is o natural option to investigate if it
can furnish a wodel that describes the acoelerated expansion of the
universe, Where the canonical scalar field plays the vole of the dark
energy. However, since supergravity with four supercharges exists i
four dimensions of wost in higher dimensions such as in superstvin

thesry one needs wore supersymmetries for the higher-dimensiona

supergrabity constructions. Supergravity theories i diverse
dimensions play nowadays an fmportant vele as low-energy effective
field theories of superstring and wembrane theories. Explicit
knowledge of this set of theories gives us o powerful tosl for exploving
the commection between stoing Hheory and low-energy physios.
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Dark Natter

The theoretical constructions and Hhe special inferesting possibilities
are designed to surprise the scientists and cosmologists Have just
confivmed the existence of dark matter in onr exclusive and beantiful
universe. This wysterions dark matter is imvisible However it provides
the bulk of gravity that holds galaxies but not the regular mater Hhot
forms the stavs and planets. This invisible dark water Has weird
collision properties, Where we cannot see dark watter nov collide but
we oan defect ts gravity. In some ourvent observations, fwe Huge
chisters of fnvisible dark watter olashed With each sther, With vach
chister having o wass of fens of Hhousends galaxies. In srder to
explain Why Hhis imvisible dark watter neither collided wWith vach ofher,
nor did i collide with us but still we detected its gravity, physicists
and cosmologists are working on theories With extra dimensions like
the supersymmetry, supergravity and superstrings. ‘The conservative
view is today even more aocepted by scientific community, becanse of
discovering more, and wew types of evidence. It leads to the difference
between }ge galaxy mass predicted by the luminosity and the
mass predioted by the velooities. This difference offers strong
evidence that spiral galaxies ave embedded in extended Halos of dark
matrer. The wost comincing sbservational evidence for the existence
of dark matter imvolves gelactic dynawics, Hhere is simply not enongh
hominons matter sbserved in spival gelaxies o account for their
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observed rotation cuvves. In astrophysios, Hhere is overwhelming
evidence that wost of the wass in Hhe wniverse is some non-lominous
dark water with unknown composition. There are alss reasons to
pelieve that the bulk of this dark watter is non-baryonic, that i
oonsists of some new elementary particle. After reviewing the
theoretical, phenomenslogival and experimental wotivations for
supsrsywmelttic extensions of Hhe stondard wodel, we vecall that
supsrsymmeltic velics from the big bang are expected in models that
conserbe  the parity. ‘The physicists them discuss possible
supsrsywmetric dark waher candidates, focusing on Hhe lightest
nentraling and the graviting, Historically, f?e seoond motivation for
low-soale supersymmetry, and the one that interests us most here, was
the shservation Hhat the lightest supersymmetric particle in models
with conserved parff{, peing heavy and naturally wewtvel and stable,
wonld be an excellent candidate for dark watber. As%rnp%yﬁoal and
cosmologial shsewvations indicate that the wniverse undergoes an
acoelerated expansion, which is dominant at present Hme with the
inferactions of dark watter and dark enevgy. Existing besides
ordinary watter, the vemaining fwenty Hhree pevoent of waber is an
unknown form that intevacts o principle only gravitationally, his
form of watter is known as dark watter. In Hhe constrnctions arve
wany sound thesvetical and phenomenslogical veasoms to fovour
supersymmetric extensions of the standard wedel. In particnlar,
supsrsymmetey predicts Hhe existence of cold dark water in a very
notural way, and there ave seveval plansible candidates for the
lightest supersymmeteic partiole that would be present as o velic from
the big bang. The most prominent candidate is the lightest nentvaling,
and we have desoribed how its relic density way be caloulated, and Hhe
I’é?ﬂnfa of supersymmetric parameter space in Which its density falls
within the range favouved by astropbhysics and coswology. However,
other candidates for the oold dark matter ave also possible, such as
the graviting. In that case, the next-to-lightest supersymmetric
rarﬁolé would be wetastable, and comparisons between the observed
ight-elewent abundances and those predicted by the nucleosynthesis
oalculations impose fmfpur}anf constraints on Hhe parameter space. We
have given examples of nentvaling and graviting dark water scenavios
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in the winimal supersywmwetric extension of the standard wodel, under
varions different Hheovetical asswmptions. Frow the above viewpsint,
the existence of aHvactive dark-waHer condidates in wodels
possessing  low-energy supersymmetry ocan  be vegarded as an
independent and pleasant surprise. To onr winds, Hhis pleasant
surprise provides an excellent motivation for studying these models.
Supersymmetric dark matter remains one of Hhe wost intevesting and
viahle candidates for cold ¥arﬁole dark watter. Finally, there is at
least some suggestion Hhat low-energy supersymmetry exists from
ooupling constant unification arguments. Supersywmetric theories of
physics beyond the standard wodel provide perbaps the most promising
candidates to solve the composite conundrums of pacticle physics and
cosmology. providing o ocommon paradigm for wew parkicle
physics and for cosmology. AHbough speculative, supersymmetrio
dark water is very well motivated and based on o simple physical
principle. ‘This vomncidence between new physics of Hhe electroweak
soale and a solution to +he dack watrer problem is Highly snggestive
and shonld not be fgnored.

l)ark Energy

Cosmological observations show evidence for an accelerated expansion,
usnolly atteibuted to the new form of energy, dubbed dark energy. The
stmplest model for dark encrgy is Hhe cosmological constant. From Hhe
point of wiew of particle physics, the cosmological constant is
inferpreted as the encrgy of the vacuuw of Hhe wniverse, which must
A0~



be, according to the ourrent shservations. The existenoe of o pure
cosmologioal comstant Has been the wost ccomomical way of
interpreting the observational data. Yet such o tiny cosmological
oonstant is drastically ot sdds with particle physios and therefore
oalls for o c(eerar explanation. Of conrse it could well be Hhat the
acoeleration of the expansion of the universe is not due to dark encrgy
but o o Javge scale wodification of gravity. This pessibility is under
intense serntiny plus on the other hand, if corvect, the shservation of
a tiny vaonum encrgy is all the wove pussling as he physics of
gbennmena at o such o low energy scale is well known and has been
ested i the bigb-enerfy laboratory experiments. The ourrent
undevstanding is that dark energy, ov equivalently o positive
cosmological constant, is acoelevating the expansion of the wniverse
and the veseavchers show %{ai Hhis gives higher-dimensional spacetime
positive curvature. ‘The potential way for detecting dark emergy and
distingnishing it from the pure vacunm energy is throngh iHs equation
of state. Theiv equation of state depends on the evolution of the
expansion rate and is o complicated tvacking solution becanse Hhey
oonfribute to the expansion rate and theiv equations of wotion are
oonpled to the the geneval equation for expansion. Seventy three
pevoent of sur aniverse consists of Hhe shill mysterions component of
dark energy, which is believed o be vesponsible for the present
acoeleration of the universe. Among o wide range of alternatives for
the dark encrgy, which mcludes the cosmslogical constant, scalar or
veotor fields, wodifications of gravity and diffevent kinds of
cosmologioal flnids, the usage of o camowical scalar field, called
quintessence, s the viable and natural condidate. Another striking
atiewpt to explain the acceleration comes frow Holography. The
holographic principle states that the degrees of freedom of a physical
systew scales with s boundary avea rather than its velume. The
ourrent researchers and collaporators suggested Hhat the davk encrgy
should sbey this principle, Hhus its encvgy density has an upper limit
and the fine-tuning problem for the cosmologival constant is
eliminated. From the point of view of theovetical physics, i wonld be
infevesting find out o wodel of dark emergy from fivst primciples,
sinoe supergravity is the low-encrgy limit of the superstving theory, it
-A1-



is natural to fnvestigate if i can provide o wodel Hhat describes the
avoelerated expansion of the universe. The simplest supergravity vase
is With one supersywmetry and in the theoretical framework presented
some wodels that try to desoribe dark encrgy throngh quintessence.
Due to the prominent vole of the superstrings onrresgum(enoe to
relate both supergravity and holography concepts, it is natural o ask
if there is any commection behween supergravity and the holographic
dark energy. Inferesting supergravity squation was deduced for
dark-encrgy-dominated wniverse, in such a way that the interaction
with dark watter is absent, as it should he it Hhis Iimi, where we
ewmbedded two wodels of Holographic dark energy i the winimal
super%ranﬁy with one single obival superfield in Hhe supergravity
maltiplet. Dark energy is one of the wost intvigning pussles of present
day physics which presents some of the peaks of the ourvent state of
knowledge about our world and the fundamental nature. When
inferpreted within the vealw of gemeral velativity, its existemce is
linked to the presence of o weakly imberacting fluid with a negative
equation of state and o dominant energy demsity. The simplest
possibility is of convse o pure cosmological constant plus the plausible
alternative involues the presence of o scalar field responsible for the
tiny vacaum energy scale, This suggests to embed such models in the
theoretical High energy physics. The wmost natuval possibility is
super$rahﬁy as i fuslves both supersymwetry and gravitational
effects, moreover, superstring theories lead to supergravity wodels at
low energy. From the wodel building point of view, Hhe quintessence
field does not helong to the standard wodel. Henoe there wust be o
sepavate dark emergy sechor. ‘The shservable sector is well-known
and the hidden supersymmetry breaking seotor can be parameterised.
As soon as o quintessence field has a runaway potential and leads to
the present day acoeleration of the umiverse expansion, its mass is
tiny and way lead to gravitational problems. In srder to minimise this
problem, we assumwe that the quintessence sector is only coupled
gravitationally o the observable and hidden sectors, The natare of the
dark sector is still wysterious and i is one of the BT{ﬁ;ef& oballen?eﬁ
in the wodern cosmology with which the near future will determine Hhe
profound vesults of vesearch in the depths of Hhe dark universe.
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The Dark Matrer and Dark Encrgy in Supergravity Models

The scientists examine Hhe embedding of davk matter and dark encrgy
in bigh energy models based upon supergravity and extend the nsual
pbenmenuln?mi seHing mmgﬁsmg an ohservable sector and o hidden
supersymmelry hreaking sector by fneluding o thivd sector leading o
the aoceleration of Hhe expansion of the universe. The inferaction
between the hidden and dark sectors hngffes that all the soft hreaking
terms acquire o supergravity dependent forw and 1his Has o drastic
effect on Hhe gravitational physios of low energy scales. We asswmed
Hat the davk encrgy hidden sector san be swecessfully imcorporated
inbo the theory of clewentary particles and Hhat the cosmological
constant problem in the observable sector can somehow be solved. But
His is the general fssue with all models of dark enug{. On the other
hand, the new class of models may provide an wnusual solution to Hhe
coincidense problem, $uper]grahf}y can provide o natural candidate for
dark watter, which in the vase is the gravitine, Onee local
supersymmetry is broken, the graviting acquives o mass by absorbing
the goldsting, but iHs wass is severely constrained when considering
standard cosmology. The gravitine way be the lightest superparticle
being either stable, and in another ]Enssfﬁﬁﬁy is the graviting to be the
next-to-lightest superpavticle, so Hhat i decays into standavd model
particles or into lightest ﬁuferparmie. From the wnsmnio?mi point of
hfg\n, if the graviting is stable should be very massive particle in srder
13-



not to overclose Hhe universe, Thus the graviting may be considered as
dark water, however such value is not what is expected to solve the
bierarob{ problem and the grani}m describes only hot and warw dark
matter, then another candidate is needed. If the graviting is unstable
it should have Iﬁ? wass to decay before Hhe hig hang nucleosynthesis
and Hhevefore not to conflict s results. There are two sechors, Hhe
ohservable sector and Hhe hidden sector plus the assumption that Hhe
tws sectors rkeract only gravitatiomally with the supersymmetric
representations of quanbum gravity in diverse dimensions. Then, the
main fssue is to understand ?w dark energy can be fmplemented into
the above frawewsrk. Dark ensrgy camnot belong to the observable
seotor as this wonld lead to a strong fifth force signal unless the
ooupling constants are avtificially uned to be swall. We discard this
possibility. Dark matter and davk energy conld belong to the same
seotor, Conplings hetween dark water and dark energy Have been
studied in the past with intevesting vesults. However, in the winimal
supersymmetric standart wodel, dark mater belongs to the observable
seotor, as a vesult, dark watter and dark encrgy will Have only
gravitational fteractions, Finally, dark encrgy could belong to the
supersymmetry breaking seotor and Hhe reseavohers assume that dark
encrgy and the breaking of supersymmetry ocour in separate sectors.
This is motivated by the faot that supersymmetry breaking happens
ab a very large scale compared o Hhe dark emergy scale. At High
energy, the bidden sector field, shill assumed 1o be stabilised, picks np
the vacauw values which are peviurbed by the gauge conpling o the
dark energy sector. Within the realm of the thesretioal high energy
pb]yfﬁos, this has Irum ted the use of supergravity where lavge field
values can be handled. In supevgravity models of pavticle physics, fwe
seotors are envisaged gensrically, The so-called hidden sector breaks
supsrsymmetry leading to o splﬁﬁug} of masses between the
super-partners in Hhe ohservable sector. In Hhis setting the shservable
sector can be taken to be the minimal supersymmetric standard wodel
and winimal supergravity whose phensmenclogy has been thovoughly
studied and may be discovered af Hhe present time wost powerful and
high energy machine the Large Hadron Collider in CERN. Moreover
supergrabity wodels way play the vole of low energy theory for a
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putative unified theory like superstring theory. Dark encrgy must pe
inclnded in this seHing and is vequived to belong o a sepavate seotor.
This is to prevent the diveot conplings between dav enerqry and
baryons, which would lead to lavge deviations in tests of gravity and
the large discrepancy between the supevsymmetry breaking soals and
Hhe vacuwm encrgy scale. We find that gravitational constraints on the
non-existence of a fifth force matuvally twply Hhat the davk emcrgy
sector must possess an approximate shift symmetvy. When exact, the
shift symmetey provides an exawple of o dark energy sector with o
mnaway potential and a nearly wass less davk encrgy field whose
ooupling to water is very weak, ouufrar{ to the usnal lore Hhat dark
ensrgy fields wust conple strongly to water and lead to gravitational
inconsistencies. In this vespect extended supergravity way b
partioularly interesting as the dark encrgy hidden sechor i the
nysterions mass quantization e Has some fundamental meam@i and
rewains stable with vespect to the mberaction of the witva-light
scalars with the fields from the shservable sector. One way even
ar?ue that the veason for using extended supergravities is due 1o Hhe
nature of gravitational and vector fields that way live it five
dimensions or Higher, where the supersymmelry generators is the
smallest supersymmetry available. However, vealistic wodels of
supersgmme}ry breaking in the context of supergravity, wembranss
and extra dimensions are yet to be developed. For Hhe tame being, one
may oonsider the simple models of davk encrgy based on supergravity
as the special theoretical wodels with sowe Tﬂ%eresﬁne and very
unusnal features that conld be shudied by cosmological shservations.
Now let us see whether this cosmological pichire can be velated to
supergrabity higher-dimensional inferactions of the dark encrgy. The
generic higher-dimensional ganged supergravity which will be used for
dark energy biddem sector bas part which includes supergravity
ooupled to scalar superfields and Hhe ourvent superpotential. We
assuwe that there is o dark emergy infevaction given by extended
supsrgrabity with the solution and that i addition ts the scalars
rerresenﬁng e dark ensrgy of the universe Hhere is also the usnal
oold dark water encrgy density contribution of the cosmological
equations. The dark water density is given by a vatio of the dark
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energy to the tokal encrgy. Onr particnlar intevest in Hhe cosmological
aspects of the theory with waximal supevsymmetry is the common
trend to  Have waximal amwount of wpm{mmefry allowed by
experimental and thesretical considerations. M-theory supergravity or
supergravities velated to low encrgy superstving Hheory, compactified
on superspaces may lead to non-trivial superpotentials. Simee all
oritival points linked to M-theory are unstable and the potentials are
unbounded frow below, one conld expect that these wodels canngt
desoripe the past and current evolution of the universe and play the
role of the davk energy bidden sector. It is thevefore interesting to
study in this wodel of axion-dilaton davk encrgy the cuolution of the
universe during the last cosmslogical time and the future evolution
towards the supergravity sector and see what kind of features of
dark energy and accelerated universe may be described by Hhis wodel,

The Dark MaHer and Dark Encrgy in Supersiring Models

The wysterions ocoswic presence called dark eneriy, whivh is
accelerating the expansion of e universe, wight be lurking in hidden
dimensions of Hhe bigher-dimensional surerspaw. The idea would
explain how Hese dimensions vemain stable and continuous, Which is

unée big problew for the unified scheme of wodern Hyeovetical physics
16~



oalled superstring Hhesry. In ordinavy superstving theory, with no
spacetime boundaries in the low-energy spacetime, such ambignities
imply that the c?bufaf combination Where the sng:erfafﬁng coupling and
the dilaton field, can always be achicved for Hhe quadratic curvature
terms i the ﬁﬂ;ﬁfﬁh‘fﬂg inspived low-energy effective action, which
oonstitutes the first non trivial ovder corvections to the gravitational
term in the bosomic and heterstio superstring effective imteractions.
This behavionr can be studied in o generio perturhative superstring
theory, based on the form of low energg' potentials of ]Enssfble
quintessence  candidates. Becanse realistic supersiving Hheories
invslve ot o certain stage supersymmetry in farget superspace, Which
is broken as we go down to b four dimensional world after
compactification, ov as we lower the enm}fy fram the supersiring
scale, such avguwents depend on Hhe form of Hhe potential, dictated by
supersymmetry breaking considevations. The situation is opposite Hhat
of the standart constrnction, where as we have seen Hhe superstring
oonpling becomes weaker With the cosmic Fwe, and perturbative
superstrings ave sufficient for a description of the Mniverse af late
epochs. The starting point is the Higher-dimensional superstrin
frame, the low-energy superstring inspived effective action mﬁ%
graviton and dilaton backgrounds, to lowest ovder in the expansion, but
including  dilaton-dependent ]”If and non-perhurbative oorrections,
which are essential given that o} late epochs Hhe dilaton grows stron
in the diffevent soenavia. All such cosmologies requive some physica
reason for the initial departure from the conformal Mvariance of the
underlying model that describes superstving excitations in snch types
universes. The sbserved small value in natural units has an explanation
in the cosmology of closed saperstrings and Hhus the dark energ}}y
provides an exciting opportunity to comnect supevsiring Hheory to
precision cosmology. We way argue that numerically the sise of the
cosmologival constant in the present ap;wnaob is a combimation of the
superstring soale and the expansion vate i the sense of the present
theory. One of the wost Mmportant issues concerns the superspave,
and fn general Hhe spacetimes With horizons in supersiving Hheory are
the geueral properties, fnoluding holographic scemaria, which may be
the key to an imclusion of such spacetimes i the set of consistont
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vound states of superstvings. The problem of davk energy avises due
o s self-gravitating properties. ‘Thevefore explaining vaowum
energy may become a question for the vealm of quantum gravity and
supergrabity, that can be addvessed within superstring Hhesry context.
In the articke we concentvate on o recent, superstring-inspived wodel,
that relies on nonlinear physics of short-distance perturbation modes,
for explaining dark enerﬁy without any fine-buning. Dark energy can
be shservationally probed by its equation of state. Diffevent models
predict diffevent types of equations of state and supevstring-inspived
ones have a time dependent as theiv unique fundamental signature.
Exploving the link between dark encrgy and superstving thesry way
rovide indivect evidence for the latrer, by weans of precision
hesretical, cosmological and experimental data. ‘The tvansition from
supsrstving theory to conventional cosmology is becoming imcreasingly
important to theovetical physics. The quantum corvections to short
distance physics due to the nonlocal nature of superstrings contribute
to  davk energy. The possibility to  detect theiv  signature
ohservationally of the dark encrgy is thus wery intriguing and
inspiring task.

The Dark Ma}}er and Dark Encrgy in Mewbrane Nodels

In some wmewbrane world wodels, davk energy is the rvesult of
gravitational tension between our wniverse and the looal neighboring
mgmbrcme* One version in the oyolic wodel predicts Hhat dark energy
18-



will Jffas?)a}e ot sowe point in the fubure as the membranes veach o
ovitical distance from each other, after which point cosmic expansion
will veverse. While that point is far in onr future, we way be able to
spot other signahives of the higher-dimensional reality constructed
with fundamental wembranss, where the hig bang in the oyolic wodel
warks the woment when our wmiverse collided with the neighhoring
wewbrane, Another style of wodification to gravity s more snbte and
elegant in the constrnction, These theorivs extend the known rules into
a higher-dimensional veality, the wembrane world wodels depiot the
universe we know as o surface ov mewbrane, With one or more exire
dimensions that we can't acoess divecty. Howewer, gravity reaches
into the exiva dimensions, and other wembranes could influence what
goes on in our observable cosmos. We need to wove from a
particle-pased view of our universe to o wembrane and snpersiring
based view, Researchers are having tronble figuring out dark watter,
dark energy, and many sther recent discoveries becanse Hhey view onr
universe as a oollection of pacticles within o vacunm with nothing
beyond the edge of onr wwiverse, Even W-Theory currenty suffers
from this view as i still does not see onr wewbrane as the souvce of
gravity, with each stving onvvently behaving like o zarﬁole n standard
physics. This new version of the hig splash with wembrane gravity
does away With all the breakdowns of physivs, infinite encrgics, and
infinitely swall sizes of the old big bang woedel. This leaves a wuch
wore stable and vobust theory for }ge creation of our wniverse. It also
predicts dark water, dark energy and how they change over time
which neither the standard wodel or N-Theory constructions, The
small peroentage of energy Hhat got throngh fo the virtual strings
within cach wembrane vibrated the b?bevdfmenﬁnnal supergravity
interactions of each superstving, This divectly transferved encrgy to
the non-energetic virtual supersfrmf;s within cach wembrane, cveating
watter and antimatter quarks and electrons in up and down paivs. ‘The
wajor membrane vibrations that act as dark matter vibrate over lavge
arcas thousands of light-years across and even forw dark watfer
galaxfes* Huge chains of galaxy clusters ave created, aHracted to
puse long strands of dark water, and form an ensrmous lattice of
strands following the wewbrane vibrations and appearing similar to o
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three-dimensional spiders web. MNembrane supergravity would help to
explain these huge struchires as well, becanse as onr wembrane Was
compressed during the collision due to its vibrations, a mehwork of
orgssing wembrans waves would forw, These vibrations of +he
wembrane iHself wonld canse it to contract quickly into o wuoh smaller
volume as the wembrane vibrates rapidly back and forth. I wonld
forw huge waves, both on the outer surface and thronghout the funer
stouchire of the higher-dimensional wembrane, The dark watter
resulting from membrane vibrations could also canse the gases of Hhe
early umiverse to collapse and forw into stars and galaxies earlier
than one hillion years after the big splash, much wore vapidly Hhan
ourrent theories including the standavrd wodel and N-Thesry can
explain sotisfactorily. In addition, becanse onr wembrane Was
oontracting at the same Fime our wniverse was being formed, our
universe Was cveated ok speeds effectively faster Hhan light. As our
universe is currvently expanding faster than light due to the expansion
of onr wodel, tHhe universe §s a rvegion on o waltidimensional
fundamental wewbrane, and this higher-dimensional wewbrane is only
one of many. When these wembranes collide huge vegions of our
wewbrane ?ef punched into extrewely uninpabitable black holes, with
only o swall region of space left for us, without dark energy to inflate
these gaps, o few cycles of this wonld annibilate everything. The
wembrane of onr umiverse expands, the same process happensd in
reverse When onr wembrans oollided with anotber swimming and
interacting pavallel membrane. As sur universe appears to expand
olose to s sriginal sf;ke before the collision, our galaxies will begin to
fly apart as their dark water halos ﬁé?ﬁl to velax their dark water
wewbrane vibrations. Eventually, the stars themselves will begin to
gef dimmer fﬁ?ﬂa]fa as the dark mater in onr galaxy dissipates where
e fundamwental water interact in the wemwbrane. In the wodern
approach to supersfrfnﬁ theory, where the wembrane struchires alse
appear as mathematically consistent entities, the presence of o dark
encrgy on Hhe superstving theory on the wembrane is unaveidable,
unless extreme conditions on unbroken supersymmetry and static
nature of membrane Worlds are fwposed. However, in wembrane
cosmology one needs wobing wembranes, i srder to shain «
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cosmologioal spacetime, and i Hhis ocase the target spacetime
supsrsymmetey breaks down, due to the wembrane motion, vesulting in
non-trivial vacuww emergy confributions on the wembrane. Ansther
example arises in a non-critical superstring approach to inflation, i
the big bang is identified with the collision of Two membranes i the
hyperspace. In such a soenario, astrophysival shservations may place
important bounds on the veosil velooity of the mewbrane worlds after
the collision, and Jead to an estimate of the sepavation of the
mewbranes at the end of the inflationary Feﬁncﬁ The vibrations of onr
wembrane ave not confained within o swall, confined superspace as Hhe
vibrations of regular  supershings  are  spread i the
higher-dimensional cnryed sgaoeﬁme‘ Superstrings vibrating mﬁffn
onr universe that aot as matter plus energy and ave confined o the
fundamental length. Decanse the wewbrane vibrations have onr entive
wembrane to expand and Vibrate thronghont, the vibrations will
dissipate throngbout our entive wewbrane. They radiate according to
the fverse square law as the waves expand i higher-dimensions and
dissipate Hhroughout our universe into the vest of our membrane. As
our universe expands, the dark watter wmembrane vibrations will slowly
be converted ints dark energy as those vibrations relax and dissipate,
pushing points that were close together farther apart. This will
bappen as the vibrations of our wembrane scour less frequently,
especially in the emply vegions of the universe behween galaxy chister
stvands. However, i the case of wembrane worlds, with closed
superstrings propagating in the bulk, things ave mot so simple. As
disoussed in the present literature, field vedefinition amfxf?uf ies for
the bulk low-energy graviting and dilating superfields, that would
otherwise leave bulk superstring scattering amplitudes Pwariant,
induce wewbrane boundary curvahure and coswslogical constant terms,
with the unavoidable vesnlt of ambignities i the terms defining the
cosmologioal constant terms on the wmewbrane. This results in
ambignities tn the cross-over scale of Higher-dimensional membrane
supergrabity, as well as Hhe membrans vacnum eum{‘ It is not clear
to the rescarchers, however, whether Hhese ambignities are actually
gresenf in Jow-energy membrane world scenaria. The scientists belicye
hat these bulk-superstving ambignities can be eliminated once the
21



mewbrane effective theory is propertly defined, given Hhat closed and
open  superstrings alss  propagate on  the  wembrame world
hypevsurfaces, where Hhus are chavacterised by Hheiv own scatrering
awplitndes  and  in the specific way they interact o Hhe
higher-dimensional curved spacetime. Almost the entive amount of the
gravitational fntevactions in the coswes are cansed by the dark water
and davk energy. The ether wind acts on the slope of Hhe membrane i
the gravitational funnel and canses a thickening of Hhe membrane, We
find two additional wembers m the differential oquations of the
spacetime cnrvature associated with dark matter and davk energy.
Simulation experiments with wodels of galaxies gove dark watter
ooefficients of great vate of darkmess i the wniverse, We have
studied the conpling of davk encrgy to Hhe standard wodel assuming
Hhat the three sectors, which ave the davk encrgy, supersymmetry
preaking and the winimal supersymmetric stondart wodel arve
decoupled and  only interact gravitationally with the special
interactions of supergravity. This implies Hhat the standard wodel
oouplings hecome funchions of the dark energy field measuved i the
fundawental wnits, wheve if the gravitational interactions ave hirned
off, mo onuplﬁ:{g between the sectors would exist. These vesults are
anﬁns?oall{ ependent on the initial ansets for the different
superpotentials in the theory. Introducing divect ouuplfu‘?s petween the
dark energy sectors and the other two sectors would increase the
gravitational effects unless the conplings were chosen to exacty
cancel the gravitationally induced imteractions. Now we take lessons
learned in extended supergravities and use them as a guide for the
wodels which way give us o sucoessful description of the vecent Iaﬁf
of onr universe, meluding the acceleration period, and Jead to
rarﬁoular predickion about the future. ‘That is why we wonld like o
ook for simpler wodels based on higher-dimensional faupergkranﬁy
Heories that way alss describe dark emergy and to be puilt and
completed studied the various possibilities to describe dark energy in
supergravities and the future of Hhe umiverse i such wodels.
Construction of the grid and poundavy conditions in Hhe case of our
membrane universe, Where the case is based on some membrane
Hheories of gravity and supergravity, where is found in Hhe Hheory the
22~



special scientific velevance, The membrane in Hhe higher-dimensional
hyperspace which is the bulk space is stretched, we can fmagine as o
tensioned elastic wembrane, where the surface of the fundawental
wembrane §s created and uwniversally fixed. In this popular article we
have chosen a different strategy, Where considered several Hhesretical
models based on extended supevgravity which way Have closer relation
to the M-theory. All of these models share o very inferesting feature,
where Hhe absolute value of Hhe effective mass squaved of %ge svalar

field vesponsible for the dark encrgy of Hhe universe i Hhese models
is of the same order as the effective potential of Hhis supergravity
field. Whereas i phenomenslogival wedels of quintessence Hhis
grnperfy usually is vequived for theiv consistency, in supergravity
bis feature is vather common and sometimes i is even unavoidable,
The cternal inflaktion, dark energy, superstvings and M-theory
comyerge to Hhe existence of o multiverse where oll the universes would
be diffevent in agpearanoé bt with properties unimaginable. Some
have weither light mor matter, but hecanse the possibilities arve
endless, ohvionsly there shonld be one Hhat conld lonk like onr, His do
to say the followers of soience fickion Hhere is a copy of our aniverse
whe lives in a higher-dimensional cosmic wembrans, While we have not
seen  these wmembranes oll  deliviom,  superficial and  fremsied
interpretations are possible i the theoretival constructions. The
oooling of our universe will start to convert the potential energy of
our Vibrating wembrane dark watter into the kinetic emergy of dark
ensrgy. This velease of potential stored hfﬁraﬁnf energy pushes our
universe apart, accelerating slowly of first, and Hhen fnoreasing in
speed until it velaxes nearly to its oviginal size before the splasg ot
which point the acoeleration decreases and eventnally will end. During
the early universe, the lavge mumber of wassive gravitational waves
produced from orbiting black holes, su?ernwae, bypernsvae, and other
gravity Wave souvces way bave aided in sustaiming onr wembrane’s
rapid vibrations, preventing our wmiverse from acoe eraﬁng faster n
the beginming. The closed-loop graviten supersiving is what is holding
N-Theory back from becoming o complete theory of physics. The
picture of our universe becomwes so muoh clearer when we realise that
Wﬂ e within o fluid-like wembrans that is Hhe somvce of our
225



gravitational force. Becanse of Hhis, all watter and encrgy ave shmply
vibrating strings, formed from and comnected o our wembrane, that
trave %bruug{ onr membrane and whose vibrations gemevate all the
forces of nabire that we observe. In this wodel, the wniverse is
vegion on o weltidimensional fundawental wewbrane, and this
pighsr-dimensional wembrane is only one of wany. When these
membranes collide huge vegions of onr wembrane get bunched ints
extrewely uninhabitable black holes, with only a swall region of space
left for us, without dark energy to inflate these gaps, o few oyoles of
this wonld amnibilate everything, This wakes oll wodels with the
pigher-dimensional curvatures and fundamental wewbranes iteresting
candidates for the vole of the dark energy.

::;bf ﬁ‘f&ﬁﬁ‘é’ﬁﬁi& gzm;l; Holes in Supergravity, Supersivings

The research presented in this popular article mostly deals with black
holes in oondext with the theoretical framework of supergravity,
superstring theory and mewbrane theory, as o quantum gravity
descriptions of the specinl type supersymmetric black Holes. The
physios of black holes, with its theovetioal and phengmenslogical
implications, hus o fertile Fm]puo} on wany branches of natural seienoe,
such as astrophysios, cosmo ng{, particle physics and, wore veoently,
wathematical physics and quantum fnformation theory. This is not so
astonishing in view of the faot that, owing to the singularity Hheorems,
the existence of black holes seems to be an unavoidable consequence of
general relativity and of s wodern generolizations sweh as
supergrabity, superstrings and MW-theory. A fnﬁcfnaﬁng aspect of
Black-hale physios is in their supersymmetrio properties that seem to
encode fundamental fnsights of a so far not established final theory of
quanbon  gravity. H s oonceptually straightforward o find
complionted oharged black hole solutions of interest, such as the most
general black hole of supergravity, given Hhe existenoe of well-known
algorithms and suitable wnoharged black hole solutions, but it can be o
diffionlt Hhegretical task. The supersymmetric black holes ave some
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of the wost important objects in the diverse dimensions of
supergrahﬁ{, superstrings and supermembranes. To understand Hheir
fundamental properties, such as their wiovoscopic description, i is
essential to Jane explicit black hole solutions and understand all Hheir
quantum properties. The approach we take o study scalar flows
supsrsywmetric  black hole backgrounds, alweys starts from «
higher-dimensional interaction Hhal encompasses the supergravity
soalay dymawics. In the literahure, ome typically writes down fwo
different fundamental teractions for the dependent fields conpled to
the supersymmetric  black  Hole T higher-dimensional curved
packground. The vecent equations of wokion corresponding o the
effective action with a black hole potential, describing static,
spherically symmetric hlack hole solutions in imfinite dimensions, fit
in the established Hheoretical description. Black hole solutions to
extensions of geneval velativity, swch as the varions kinds of
supergrabity nahirally ocourring i the low-energy effective
descoription of superstvings, often exbibit features unknown frow the
pure and standart gravitational Hheory. We use such a simplifying
principle to shed light on the stoucture of black hole and wembrane
solutions, but also to see if we can Jearn wore about Hime-dependent
solutions of supergravity and snpevstring theory, sinoe especially
these lather ones ave hard undevstood in the context of superstrings
and wewbrane theory, The analysis just described is readily
generalized to extreme, dilaton black Holes, ov extended shjects, in o
infinite dimensional spacetime. One again finds that i certain cases,
the singularity in Hhese supersymmetric solutions can b removed via
interpretation as o Higher-dimensional objeot in a Higher-dimensional
spacetime. However, in Hhis case the singularity inside the
supsrsymmetric black hole horizon is not vesolved by lifting o higher
dimensions. Although theve bas been progress in establishing
oorrespondence between superstring states and certain types of black
hole selutions, i gemeval the lack of black hole umiqueness in bfiber
dimensions wakes the construction of the black hole superstring state
ocorrespondence vather wmore onmﬁlﬁoa}ecﬁ H bas, however, been
possible to constrnel a uniqueness theorew for supersymmetrio black
hole solutions of the bHigher-dimensional supergravity and velated
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wembrane models construoked in Hhe theoretival framewsrk.

Supersymmetrio bf&ok Hules

The theoretical framewsrk forw o nehural w?r to try to probe the
possible simultancons description of gravity an juan}um physics, with
elegant interference in the fnolusion of higher-dimensional wodels of
supergrabity, superstving and wembrane wodels. The soientists
considered quantum field theory and +he related supersymmetric
extensions in Hhe fixed gravitational background of the black holes. We
will be concerned With specific supersymmetric Hheories which exist in
diverse dimensions, along with theiv black hole solutions in the
higher-dimensional curved spacetime. The supersymmetvic black hole
is fvariant under some of the supersywmetry transformotions Hhat
relate the interaotions of bosons and fermions in superspace. Quer
the last two decades, wany developments of superstving Hheory Have
been triggered by supersymwetric solutions in swpergrovities. In
partioular, supersymmetric black holes played o key vole for the fivst
suscesstul account for he wicroscopic origin of the enfropy.
Recently o systewatic classification of supersymmetric solutions has
been developed and proved useful for obtaining supersymwetrio black
objects with varions fopologies. Many particularly useful and unique
applivations of the higher-dimensional classifications in Hhesvetioal

piuzhwe constrncted for Hhe black hole physics were elegantly served
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frow the sugergranﬁy inferpretations. Hf, in a given supergravity
theory, the state corresponds to o background described by o certain
oonfignration of fields is translated into the vequest that the
supsrsymmetey vaviations of ol the fields ave sere i the
surergranﬁy packground. We consider supersymmetvic black-hale
solutions for which the supersymmetry variations of +he bosonic fields
are identically sev0. Then Hhe conditions yields a set of cquations for
the bosonio fields, o be satisfied on the given configuration where the
supsrsymmetry transformations are wade with vespect to the residual
supsrsymmetey pavameter defined by the supergravity constructions.
We evaluate the resnlting bf?Ber-meens?una interaction to obtain an
exact answer for the quanbum entropy of the black hole under
oonsideration. We compare the vesult obtained  for  Hhis
macreseopic  entropy  against  Hhe wicrosoopic  predictions of
superstring Hheory for the sawe black hole. If he last step is
oonclusive, so that Hhere is an agreement between Hhe macroscopic and
wicroscopic descriptions of the black hole, i provides a non-trivial
test Hhat supergravity is indeed an apprnr'fa}e low-energy description
of superstring Hhesry and sheds light on Hhe statistical interpretation
of the black hole's thermodynamical entvopy, Mmcluding all possible
quantum corrections o the area-law of the black hole. The
olassification of supersymmetvic solutions of Higher-dimensional
ungiau ed supergravity coupled to avbivary wany abelian wechor
multiplets is used to prove o aniqueness thesvem for asymphotically
flat supersymmetric black holes with vegular horizons. The purpose of
the reseavchers is o extend this uniqueness theoremw to Mmelude
supsrsymmeteic black hole solutions of he unganged supergravity
theory coupled to arbitvary wany vechor supermuliplets. Sinoe for
the wultiplet, supergravity itself is ?auget(, one should be able to
oonstruct o single charge encoding all gange supersymmetvies, and
use this charge for a computation of the different teractions. The
entropy of supersymmetric black holes has been explained by connting
states i a dual regfme of superstring theory, where gravity is
negligible. However, this does not sbhed light on the nature of the
wicrostates in the rvegime where we Have an inferpretation as a
supersymmetric black bole, since Hhis requives Hhat the gravitational
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interaction cannot be neglected in the case. This extension is wseful
becanse, althongh the minimal Hheory has many fteresting properties,
it corvesponds to o vather restricted olass of higher dimensional
solutions. In srder to investigate Hhe higher dimensional pb{ﬁofa more
fully by compactification fo lower dimensions, one wust typically
oonple the lower dimensional theory to additional water. We Have
learned about wany aspects of the wodular behavior of Hhe
wicroscopic fanctions in the gemeric sething of supersymmetric
theories based on the wodular nature of the effective supershrings
when supersymmetric black ;}ﬁ]éfa desoend frow wrapped superstvings,
and from the spacetime duality sywmetvies of the underlying theory.
Without the powerful handle given by the wodular symmetry, it looks
at first fﬁg;f like the prograw followed to fnberpret Hhe wicroscopic
degencracies in sapevsymmetry and supergravity. In the present case,
subtleties due to Wall-crossing phenomena lead to the fact that Hhe
plack Hole degeneracies ave conncoted o Hhe  supersymmetry,
supergravity and superstvings. Lastly, when examining the more
geneval case of Hhe quantum states wWith supersymmetrio black holes
in higher-dimensional supsrstring theory and supergravity, a mumber
of questions remain open for the next stage of research.

/&

Extremal Black Holes in $per3ranﬁy

The extvemal black hole confignrations are embedded in a natural way
in supergravity Hhesvies in diverse dimensions, Indeed supergravity,
Be%ng imvariant under local super transformations, includes geweral
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relativity, where it describes gravitation conpled to other fields i a
supsrsywmettic framewsrk. Therefore it admits black holes among its
olassical solutions. Moresver, as hlack holes describe a physival
regime Where the gravitational field is wery stvong, o complete
undevstanding of Hheir physics seems to vequive o theory of quantum
ravity. In this vespect, as antioipated above, extvemal black holes
%ane become objects of the whmost relevance i the oconbext of
superstrings. This interest, whioh is {usf part of o wore gemeral
inferest in the membrane classical solubions of supergravity theories
in all dimensions, stews from the interpretation of the classical
solutions of supergravity that preserve o fraction of Hhe oviginal
supersymmetries as non-perhurbative states, necessary to complete
the perturbative string speetrum and wake it variant under Hhe wany
conjectured duality symmetries. Extvemal black holes and Hheiv pavent
wembranes i higher dimensions arve Hhen viewed as  additional
particle-like stotes that compose the spectrum of o fundawental
qantum  theory. As the wonopoles P gange tHheories, Hhese
non-perharhative iumﬁum states originate from rvegular solutions of
the classical field equations, the same equations one deals with
olassical general velokivity and astvophysics. The essential new
ingredient, i this vespeot, is supersymmetry, which requives the
presence of vector and scalar fields f appropriate proportions.
Within the superstring framework, supevgravity provides an effective
descoription that holds at lowest ovder in the superstring expansion and
in the limit fn which the spacetime cnrvature is wuch smaller than the
typical superstring scale. ‘The supergravity description of extremal
black holes is therefore reliable when the vadins of the hHovison is
much lavger than the superstving soale, and this corresponds to Hhe
limit of large charges. Superstring ocorvections induce bigher
derivative terms in the low encrgy action and Hherefore the black hole
entropy formula is expected to be corvected as well by terms which
are subleading in the swall curvature liwit. In Hhis paper we will not
oonsider these Higher derivative effects. Thinking of o black-hole
oonfignvation as o parkicnlar bosowic background of am extended
locally  supersymmetric  thesry gives o simple and  naturval
understanding of the cosmio oenfmrsgfp conjechure. Indeed, in thesries
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with extended supersymmei?' the bound is just a consequence of the
supsrsymmetey algebra, and this ensures that in these Hheories the
cosmic censership conjecture is always verified, that is there ave no
naked s?ng*ulaﬁﬁefh When the black hole is embedded in extended
supergrabity, the wodel depends i gemeval alss on scalar fields.
Translating Hhe supersymmetrio equations into an explicit diffevential
system requives knowledge of Hhe supersymmetry transformation vules
of supergravity. The satuvation condition transfers the geowetric
struchure of supergravity, associated with its scalar sector, into the
physics of extvemal black holes. For the black holes, Hhe fixed point is
reached precisely at Hhe black-hole hovizon, and this is How in the
z eo;ag ti*ase of internal behavior is realized for this class of extremal
ack holes.

Heterstio Black Holes in Superstring Theory

The wniversal and unique Higher-dimensional black hole solutions in
petevotic supersting theory, Which contain wass and elechrio
chavge, ave obtained frow the effective interactions of hetershic
superstrings.  Theorehioal  physicists  construct  the  gemeral
electeically charged, votating black hole solubion in the helevotic
superstring theory compactified in +he diverse dimensions and shudy
its quantum properties based on the heterstic constonctions. They
h%ne:‘a igute %Ie possibility that the duality symmetry is an exact
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symmetvy of superstring Hheory under which the electrically chavged
clementary supevstring excitations get exchanged with magnetically
chavged solutions in the theory of heterstic black holes. We use the
plack Hole entvopy fumction to shudy the effect of terms on the
entropy of extremal black holes im heterstic superstving Hheory in
higher dimensions, We find that after adding o set of b??{Ber curvature
terms to the effective mteraction, the meohanism works with terms
oonfribute to the stretohing of near horison geometry. In the
landscape limit, Hhe solutions of superstving equations for woduli
fields and the vesulting entvopy, are in conformity with the ones for
standard two charged Heterotic black holes. Reoent publication
studied %?e size and shape of Hhe shadow cast by a chavged votating
plack hole from the low-emergy effective field thesry describing
heterstic string fbeurz, which have properties which are qualitatively
different from those Hhat appear in the genval theory of gravity. The
siz¢ and shape of the shadow, depending on +he mass, elechric charge
and angnlar womentum of the hetevotio black hole and the results
realized and presented in ourvent developwents are calonlated and
deeply analysed. Recently, o possible wethod to constraing suoh
parameters has emerged in the theoretical framewsrk with the
observation of black hole shadows. The shadow of o black hale
oorresponds to the lensed image of Hhe event horizon and garffofpa}es
in the Digher-dimensional dark some. Evidence suggest that there is o
large nmumber of plack Holes i heterotio and eleven-dimensional
theories, where sowe of them way have exotic topslogies. The horizons
sections have special geametry and theiv existence is closely velated
the existence on selutions to the equations of supermanifofolds.
Assuming that the supermassive black hole can be described by the
petevotic black hole wetvic, the astronomical ohservables and angular
radins of the shadow are obtained. In the case on partionlar class of
extvemal  fonr-dimensional  black-holes occuring i compactified
heterstio superstring theory was comnected to the class of extremal
?ngemﬁmeusfnna] peterstic black-holes presented i the current
frerature. The Bf%ber-cffmenmnal peterstic black-hole solutions under
oconsideration are Hus velated by duality to fonr-dimensional heterotic
B%aok-bnle solutions. In addition to considering these solutions in he
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framework of Higher-dimensional supergravity one way address the
issue of stringy quantum oorrections for the heterstio black holes.
The stringy ﬁuaufum corrections related o Hhe %muﬁaﬁunal anomaly
in the general context on unbrokew supersymmelry of Hhe heterstic
sulfersfrfng pave been amalysed in deep details. Anmalysis on the
peterotic hlack hole solution of the low encrgy effective field theory
wen by the supergravity imteractions vealizes sevo area of Hhe cvent
%uﬁ}nn. The researchers comsider a class of extremal and
non-extremal  four-dimensional  black-hole solutions ocenving in
compactified Hetevotic supersiving theory, Whose ten-dimensional
inferpretation  involues f;e type of bfﬁber-cﬁmens?nnal membrane.
They show that Hhese four-dimensional solutions can be connected to
extrewal  and  non-extremal  hwo-dimensional  beterstic  Hlack-hale
solutions through o obangfe n the asymptotic behaviour of Hhe harmonis
functions associated with the wembtvane. Finally we note that for
heterstic  superstring  theory compactified or  wore  generval
supsrsywmelttic stiing compactification, Hhe statistical enh*nry of
some of the Hetevotic black Holes can be computed exactly by
representing Hhew as confignration of the mewbranes.

Dyonic Black Hales in Supergravity and Superstring Theory

The dyonic black Hhole solutions oan be ewbedded into waximal
ggugec[ supergravity and superstving wodels in the higher dimensions.
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However, we consider o vather aneresﬁng solutions, Which sslves the
equations of wotion obtained varying the intevactions M diverse
dimensions in presence of o cosmological term. It is shown Hhat the
pidden conformal supersymmetry, nawely symwetvy of the dyonic
black hole can be probed by a charged wassless scalar superfield af
low frequencies.  The existence of  sneh  hidden  conformal
supersymmetry sl:(ggefafﬁ Hhat the field theory holographically dual o
the black hole imdeed should be the conformal supergravity. We show
Hhat the hidden conformal supersymmwetry can be found also for the
dyonic black hale, which indicates that the generic non-extremal dyonic
black hole is dual +o the conformal supergravity. However, from the
teohnique of probing the Hidden conformal supersymmetry of dyonic
black bole backgrounds via external fields, we suggest Hhat even for
the generic non-extrewal dyonic black hole, i should sHll dual to the
oonformal supergravity once we correcty incorporate the contvibution
of the background gange field. In practice, the supersymmetry of the
packground electromagnetic field can be probed by an external obar%ei
soalay field, consequently, Hhe hidden conformal supevsymmetey of the
dyonic black hole is vevealed. An exact solution of the low-energy
superstring Hheory rgfreseuﬁng statio, spherical symmwetric dyonic
black hole is found, The solution is labeled by their wass, electric
oharge, magnetic chavge and asymplotic value of the scalar dilaton.
Some aneresﬁtﬁ properties of the dyonic black holes ave shudied. In
partionlar, the Hawking fem¥wa%we of dysnic black holes depends on
both the electric and wagnetic charges, and the extvemal ones, which
have nonsers electric and wagnetic C%M‘g&fa, have seve temperature but
nonsers entvopy. IF is of infevest to imvestigate how the properties of
black holes ave wodified when the low-encrgy effective superstving
interactions ave considered. Recently, some new black hole solutions
have been ohtained in the low-encrgy supemfrﬁ:‘g theories in which the
gravitational field, dilaton field and gange field ave moorporated. We
give o dyonic black Hole solution of Hhe low-energy effective
superstving theory in which g:anﬁy is conpled to dilaton and
oorresponding gange field. ‘The struchires and specific properties of
dyonic plack holes are similar fo those of the comventional charged
black holes, except for o purely elechric or purely wagnetic vase. We
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studied the speoial dyonic supevsymmetvic black holes with cnrved
asywptotic backgrounds in bigher-dimensional spacetimes of constant
soalar curvature in Hhe supergravity and superstring Hheory.

Extremal Dyonic Black Holes in Supergravity and Superstring
Theory

We mvestigate extvemal dyon black holes in the ﬁnﬁergraw? Heory
with bigher cuvvature osrvections in the form of the interaction
oonpled to the dilating superfield, where the extremal dilatomic black
hole Ts a particularly intevesting wodel associated with the heterstic
superstrings. fn supergrﬂffi theory, the purely electric ov wagnetio
black holes are supersymmetric and the electric-wagnetic duality of
this Hheory vespects sapevsymmetry. The supersymmetvic embedding
in the supevgravity theory of dysnic black hole wust Have wore tHhan
one non-vanishing veotor field in the supermultipler. An intvigning
possible explanation of the nomsupersymmetvic watuve of Hhe dyonic
black bole is the following: just as solutions which preserved diffevent
mmbers of supersymmelries in supergravity but the same mumber
were avgued to be unvelated by duality transformations, Hhe question
oan be vaised as to whetber he present embedding is velated to
another supersymwmetric emﬁec(c(?uqf B{ a duality transformation. That
would lead ns to speculate about the existence of o supergravity
Hesry of which that duality wonld be o symmefr{ We study several
aspeots of extvemal spherical symmetric black Hole solutions of
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higher-dimensional supergravity conpled +to wector and  ohival
supermuttiplets Wity the scalar  superpotential furned on Hhe
oonstructions. The extrewal dyonic black hole can be regarded as o
solution of a set of equations of wotions such as the general field
equation, the gange field and the scalar field equations of wotions by
varying the supergravity action with respect to the curvature, gange
superfields, and scalar superfields on the spherical symmetvic metric.
Perhaps Hhere are sther explanations, possibly in terms of the bonnd
state pichure of extremal black holes, that make the thesretical
speonlations ummecessary. It has vecently been shown that all possible
ewmbeddings of purely electric or purely wagnetic Higher-dimensional
extrewal black holes in supergravity wust be velated by duality
symwetries of the supergravity theory and therefore wust have the
sawe number of unbroken supersymmetries in He higher-dimensional
supergravity. Shortly afterwards it was discovered that, when the
veotor field is consideved as ome of the six vechor fields present i
the supergravity wultiplet, there exists o choice of local
supersymmetry  pavaweter  sweh  that  Hhe  supersymmetry
transformation laws of the four graviting and dilatini of this
supermultiplet vanish, where exists o spimar  such that Hhe
supsrsymmetey variation vanishes and the extveme dilaton black hole
is purely supersymmetric. Below we shall discuss the conformal
wodels for certain fandawental and dyonic superstving backgrounds,
which, upon  dimensional vedwotion, way be identified as
supersymmetric extveme black holes. We shall give only Hhe bosonic
supsrstving Hheory with world-sheet supersymmetrio interactions and
the  superstving-thesry  level i Hhe  covvesponding  dyoniv
configurations are desoribed by superconformal wodels with the
bosonio ])arf in the interaction. Other fauperfa{mmeme saturated
black Hole solutions with the sawe values of elechiic charges but
different short-distance struchive ave found by starting with o wore
general conforwal wodel which can be viewed as an fnfigrafec( warginal
deformation of the wodel describing the superfields produced by
osoillating superstving states of the free supershing spectoum with
fixed values of the winding and womenbom mumwbers, Then o general ool
for calonlating the entropy for extvemal dyonio black holes is given,
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based on the observation that the black-hole potential takes
artionlarly simple form in the supergravity case, which is fixed in
erms of Hhe geometrio Fruperﬁes of the woduli space of the given
theory. Finally, by exploiting the supergravity machinery intvoduced in
the publications, we shall give o delailed analysis of Hhe
pigher-dimensional solutions for the vavions Hheories of extended
supergrabity. The ma?eﬁe counterparts of the extremal electric
black holes can be found by the duality transformation, or by
oonsidering the above fundamental supersmn% wodel as @
six-dimensional background and applying the duality transformation in
six dimensions. For fixed values of chavges one expects to find o
subfamily of supersymwetric soturvated black hole backgrounds which
all Jook the same o lavge distances but differ in theiv short-distance
struchire ot scales of ovder of compactification scale where theiv
higher dimensional superstring ovigin becomes appavent. On the sther
hand, the bhigher supevgravity theory conld encompass all known
supergravities, in the spivit of the membrane Hheory.

Supersymmetric Black Holes in Fundawental Membrane Models

The bigher dimensional black Holes and wembranes desoribed i the
current literabure also appear nahuvally in the discussion of the
wewbrane World wodel of large exiva diwensions. I+ s olearly
h%)znr}anf n the wembrane world context to find wembrane black Hole



solutions, both to shed light on wewbrane gravity iHself and, wore
importantly, becanse observations of supersymmetric black holes
wight provide an exciting means of detecting exiva dimensions. The
wembrane World scenavio describes onr eleven-dimensional world as a
wewbrane that is ewbedded i o higher dimensional bulk and that
supports all gange superfields excluding the gravitational field that
Iives tn the whele spacetime. There are many membrane world models
in the cosmological combext as well as desoriptions of local
self-gravitating objects. Partionlarly, black hole solutions on the
wewbrane are infevesting because Hhey bave considerably richer
physical asprﬁs than plack holes i general velativity. This strongly
suggests  that  supersymmetvic  extended  object  solutions of
supergrabity theorvies will mot suffer fvom the type of fnshfﬁlﬁ{
recently found to afflict certain non-extreme extended object or blac

hole solutions of bHigher-dimensional gravity. It leaves open the
inferesting question of the stability of the different types
supsrsywmetric black holes or Hheiv theorcativcal constructions with
fundamental membranes, In the Hhesry the wetric includes oll the
known  extveme,  non-dilatonic, extended  object solubions of
highev-dimensional  supergravity  theovies  with  fundawental
supsrwembranes,  These are  the  wembrame  solutions  of
eleven-dimensional  supevgravity, the  self-dual  wembrame of
ten-dimensional  supevgravity and the self-dual supershrings of
six-dimensional supergravity. The wembrane world c(esorfgﬁun of onr
universe entails a lar?e extra dimension and a fundawental scale of
gmwffy that m?quf pe Tower by several ovdevs of wagnitude compared
o the fundawental scale. An inferesting consequence of the membrane
world scemarfo is Hidden im the nature of spbevically symmwetvic
vacunm solutions to the membrane gravitational field equations which
oonld represent black holes with properties quite distinot compared to
ovdinary black holes t fonr-dimensions. We disouss cerfain ke

features of some wembrane black hole geometries, where such blac

holes ave likely to have diverse cosmological and astrophysical
ramifications. The cosmological evelution of primordial membrane
black holes is desovibed highlighting Hheiv lnng*ehﬁy due to wodified
egapnraﬁnn and effective aceretion of rvadiation during the early
P 7,



wewbrane world high ener%y era. Observational abundance of various
evapovation products of the black holes at different eras impose
oonstraints on Hheiv mitial mass frackion. Surviving primordial black
holes could be candidates of dark mater present in galactic Haloes.
The configurations of sources that give vise to the gange fields i
four dimensions ave exacHy of the form that they conple to the
nembranes exfem[?ngk along the supermanifold.  We conclude «
four-dimensional black hole is made from black membranes that extend
along the internal divections. One finds the electric and wagnetio
charges of the four-dimensional black Hole are due to mewbranes of
diffevent dimensionality. At strong coupling, the wembranes wnder
oonsideration gravitate and form o ﬁuﬁerﬁymmefrio plack Holes. The
fivst step towards o decviption of courvent equations for 1he
Hime-dependent membrane sslutions is to general&e the argument for
supersymmetric black holes i supergravity Hheory to Hme-dependent
membrane solutions, as this is Hhe generic sitnation i supergravity
theories. Hf we were to shudy Hhe namber of quanbum mechanical
round states of the wembrane systew i Hhe mwicroscopic: regime,
heve is no reason fo believe Hhis mumber gives the entropy of the
black Holes as in the macrescopic: supevgravity vegime. Howeber,
there is a class of selutions for which the vesult is independent of the
valne of the coupling, nawely for supevsymmetric black hole solutions.
Following that idea, the researchers sucoessfully explain the entropy
from o  wicrescopic  wembrane Rfchwe for  bigher-dimensional
supsrsymmettic  black holes i the onrved  spacetime. These
membranes ave confined on  submanifolds of bigher-dimensional
spacetime, where the supergravity interact and the superstvings can
end on thew. In particnlar, wewbranes of diffevent dimensionality can
form bound states and from Hhe superstring perturbation theory, it is
in certain cases possible to count the quantum wechanical degeneracy
of a state with a given fixed number of wembrane charges. The
identification as wewbranes, suggests we can find an estimate for Hhe
black hole entvopy by finding the wumber of quantum wechanical
vound states that corvespond to the given total wembrane charge of
he fonr-dimensional hlack hole in the supergravity approximation.
However, there is an important caveat: superstving perhurbation

ey g



theory and the supergravity description as o black hole ave twg
diffevent beantiful pichives. In terms of o Fypical wumber of
wembranes, one finds that the quantum gravity Hhesry is valid and we
oan casily study wembrane bound states when supergravity black hole
pichure is form of good approximation. By assuming the existence of a
novel wulti pronged superstving state for super particles inferacting
with membrane fntersections in the bigher-dimensional :supers%ﬁ:%
theory, we are able to derive a quantum mechanical description

supersymmetric  plack holes. There was a conjecture that Hhe
higher-dimensional supergravity sv superstving theory in the mear
hovizon geometry of the fundamental membranes was equivalent o the
oonformal supersymmetvic theory on Hhese wembranes. Althongh we
will not deal With the wicroscopic point of view af all in this paper, i
is important to mention Hhat such an inferpretation hecawe possible
after the intvoduction of wewbranes in the context of superstring
theory. Following this approach, extremal black holes ave interpreted
as hound states of membranes in o spacetime compactified to four or
five dimensions, and the different wicrestates contributing to the
black hole ewtropy are velated to the different ways of lnra]?piu%
wembranes in the imternal divections. Let s mention et al
oalenlations wade in partionlar cases nsing this approach provided
values for the black hole entvopy compatible with those obtained with
the superfgranﬁ , wacrescopic techniques. The perturbative membrane
fome of black holes van be used to count microstates and o devive
e wicrescopic  entropy. The fundawental wembranes Have a
complementary realization as bi@bewﬁmens?nnal analognes of extvemal
black holes. We have reviewed the onucer of extremal black holes as
it arises under conditions of supergravity i diverse dimensions. We
present fwe  supersymmetric iwtersecting wembrane solutions of
eleven-dimensional supergravity which upon cowpactification to four
dimensions reduce to extremal dyonic black holes with finite arca of
porizon. The first solution is o configuration of three intersecting
mewbranes with an extva mowenhiw flow along the common supersiring.
The existence of supersymmetric extremal dyonic black holes with
finite avea of the horizon provides o possibility of o statistical
undevstanding of the entropy from the point of view in superstving
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Heory, One may ane to find o different lifting of the dyonic black
hole to superstring theory that may corvespond to o purely membrane
oonfiguration. A related question is about the embedding of the dyomic
black holes ints Higher-dimensional supevgravity or N-thoory which
wonld allow to veproduce Hheiv entvopy by counting Hhe corresponding
states using the wembrane approach similar to the one applied in the
black Hole case. The extvemal black hole can be vepresented in
N-theory by o configuvation of srthogenally intersecting membranes
with o womentuw flow along the common superstring, or by
oonfignvation of Hhree wembranes intevsecting over o point in the
noturall structure of superwanifold. Most of the confignrations with
four intersecting membranes are supevsymmetric and have transverse
the space dimension equal to twe confignrations with wembranes
infersecting over other mewbranes to preserve supersymmetry does
not fit fnto eleven-dimensional spacetime. We Have demonstrated Hhe
existence  of  supersymmebric  extvemal bfg?er-cﬁmens?unal
oonfignvations with finite entvopy which ave built solely ont of the
fundamental wembranes of the corresponding thesries and veduce npon
oompactification to dyonic black hole backgrounds with vegular
horizon. Namel}y, there exists an emt(ei(ﬁn% of o four dimensional
dyonic black hole into the higher-dimensional Heory which corvesponds
to the combination of wembranes only. This way allow an applivation
of the approach similar to Hhe one of superstring tHheory 1o the
devivation of the entvopy by counting the mumber of diffevent
excitations of the membrane configuration. Geometrically, we way
have o fwo membranss with three black holes, cach of the black holes
attached o different higher-dimensional hyperplanes i which the
membranes inferact i the supevgravity background. We need to
examine a different configuvation supevspace where mme veplaves o
mmber of disconnected wembranes by o simgle walkiply wound
membrane swimming and living in ¢ Hyperspace. Our arguments for
oounting the wicroscopio states applies only to the confignrations
where wembranes intersect over the superstring background in
higher-dimensional ourved spacetime. While +he wembrane state
oounting devivation of the entvopy is relatively straightforward for
the black holes, i is less tvamspavent in the standart case, o
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complication being the presence of a solitonic wembrane in addition to
a membrane configuration. Simee supershring theory is expected to
provide the consistent and finite Hheory of supergravity, we hope that
within Hhe context of superstring theory we wight be able to address
varions nteresting questions in supersymmehric black hole physics
related to the hlack hole evapsration and the consequent information
Ioss pussle for models in diverse dimensions. It bas alse been proposed
there that wassive elementary superstring states themselves should
be identified with supersymmetvic black holes in supevgravity and
superstring Hheory. This shows that we have o be caveful about
applying the supergravity transformations on o supersymmetrio hlack
hole solution successively, but i does not rule out the possibility that
suitable  combimations of  these  transformations T the
pigher-dimensional fnteractions can be found which give rise to the
wembrane models consruction and interpretation. In Yarﬁoular, study
of the velationship between supersymmetric black holes, supergravity
multiplets and the elementary superstring states vequires ns fo
oonstrnct Hhe wost geneval and universal supersymmetric black hole
solution in the thesry of fundamental wembranes. We hope that the
beantiful variants presented i f?ffa soientific article can be used to
study the velationship between the diffevent supevsymmetvic black
holes, supergravity inferactions in diverse dimensions and elementary
superstring states in Hhe spivit of fundamental supermembranes.

The @uan}?m Wormbholes in Higher-Dimensional Theories with
Fundowental Nembranes

Wormboles are warps in Hhe fabric of spacetime Hat commect one
place to another in onr universe or wore ahstracHy and sublime one
universe to another membrane wniverse in the hyperspace of Hhe
wultiverse. If you imagine Hhe universe as o Fwo-dimensional sheet, you
can pichure « wormbole as a« Hhroat connecting onr sheet to ansther
one. In Hhis scenavio, the ofher sheet conld be o umiverse of its own,
with its swn stars, galaxies and planets. The objects scientists Hhink
are black holes conld instead be wormbholes leading to other universes,
o new shudy says. If so, i wonld help vesolve o quanhim comundrum
known as the black hole information paradox, but critics say it wonld
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also raise new problems, such as how the wormboles wonld form in the
fivst place. Theoretically, wormbholes ave much beHer Hhan black holes
because all these problems with mformation loss dowt exist i this
case. Since wormbholes have no event horizons, things are free o leave
without fivst being comverted o Hawking radiation, so there is no
problem with lost nformation. They have since become accepted as a
natural consequence of general velativity, which predicts Hhat mater
entering one end of Hhe wormhole would instanty emerge somewhers
else, so long as the wormbole is somehow propped open. This idea
assumes the existence of a bizarve substance called phantom matter,
which has been proposed to explain how wormbsles wight stay open.
Phantow matter has negative energy and negative mass, so it creates
a repulsive effect that prevents the wormbole closing. Phantom
mater's negative wass would Have Hhe nprnsffe gravitational lensing
effect to novmal water, waking any light passing throngh the
wormbole from another unmiverse ov point i spacetime diverge, and
emerge from i as a bright ring. Neamwbile, any stars behind i would
shine through the widdle. Overall, Hhe wormbole theory is interesting,
but not o breakthrongh in explaining the origing of onr universe, whers
onr universe Was created by o gush of matter from a parent universe,
%be]?enry stmply shifts the original cveation event into an aHernate
reality.

Quantum Wormboles

Spacetime wormboles ave hypothetical objects in Hhe gencral Hheory of
relatiuity, where intense gravitational fields warp space and fime to
provide shorteuts from one part of our wniverse to another or wore
4.42‘.



special Hhe vonte from our universe to some ofher universe. Physicists
pave not found solid experimental evidence that wormboles exist, but
there are veasonably comvincing theoretical arguments that strongly
suggest Hhat wormholes shonld he part of the thesry of quanbum
vabity. In the quanbum vegime, on the other hand, and Iarﬁcu arly in
he context of Hhe canomical quantum onsmnlngy, qanhim Wormboles
mway he identified with a state ov an excitation vepresented by o
solution o the quantuw gravity equation satisfying o certain
poundary condition describing the wormbsle configuration. t+ will be
demonstrated that theve indeed is o solution to Hhe equation whose
asywptotic behaviors faaﬁs? the wormbole boundary condition stated
apove and benoe can be identified with o wormbole wave fancion,
nawely o universe wave function for quanbum wormboles. Onr vesults
oan be construed as placing upper bounds on the achial allowed
Hicknesses of suoh layers of negative energy density. These vesults
oonclude that, unless one is willing to aceept fantastically lm}e
discrepancies in Hhe length scales which chavacterize wormbhsle
geometries, H seews unlikely that quantuw field theory allows
macroscopic static quantum wormboles. The relation of the integral
forwnlation of quanbum gravity to string Hhesry has lnn? time been
nysterious. While both the Enclidean and Loventsian path integrals
for gravitational theories Have lomgstanding pathologies, by analogy
with well-understood situations in quantum field theory, they can be
used to imspive effects that may or may not be present in o true
theory of quantum gravity. Thus, it is an exivemely ntevesting
question to see if such effects are present in stving theory and
examined in Hhe situation of quanbim wormbole. These shonld represent
stationary points of the Tn%egral formulation of quantum gravity and
one can tvy o understand thew either throngh the votation or as
oontributions to Hhe interactions obtained by deformwing the contour
analogously to the usual stationary phase approximation for finite
dimensional nderactions. ‘The quantum Wormbole is one whose complete
desoription vequives quantum theory and wore precisely the Hheory of
quantum gravity. An example of o quantum wormbole is the ephemeral,
submicroscopic Wormbole of the sort that characterizes spacetime
inferactions. ‘The mouths of quantum wormboles ave many orders of
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wagnitude swaller than Hhe swallest elementary particle and the
wormbole is a special case of space warp. The physicists was Hhe
blessed people o imagine the vaonum state of the quantized
gravitational field. They believed that Hhe corvesponding spacetime
wonld ot tiny length scales be o voiling froth that momentarily permwits
every  conceivable  spacetime  geometry  fncluding  wormboles.
Unfortunately, the effort to create o theory of quantum gravity has
not {ef advanced sufficiently o permit anything ap})rnaob?n%

a
complete description of spacetime interactions or of the quantum

wormboles it is presumed to contain.

Traversable wubnleﬁ

This is o part of the deep theoretioal insight. The traversahle
wormbole would Twply wassive non-locality and this is forbidden in
both descriptions, one with the wormbole and one with the
entanglewent. In vecent years there has been considerable intevest in
the topic of fraversable wormhsles, sslutions of Eimsteins eq;mﬁnns
which act as tunnels from one vegion of spacetime to another, brnu%B
which an observer wight freely pass. Traverseble wormbole
spacetimes have the property that they mwust ivolve exotic watter,
with the stress solution which violates the weak energy condition,
Thus the energy density wust be negative in the frawe of reference
of of least some gbservers, Alhough classioal forms of water shey
the weak energy oondition, i is well-known Hhat quantum fields can
encrate locally negative energy densities, which way be avbitvarily
arge of o given point. A key issue in the study of wormbholes is the
nature and wagnitude of the vislations of the weak energy condition
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which are allowed by quantuw field theory. One possible constraint
upon  such Vislations s given By averaged encray conditions.
$uﬁseqbuenﬂy to the thesvetical comcept, several wormbole solutions
were ohtained and discnssed within different contexts. However, it
was present that the fledged venaissance of wormbole physics took
place throngh the some rescarch papers comsidered static and
spherically symmetric traversable wormholes, and Hhoroughly analysed
their fundamental properties. It was found Hhat these fraversable
wormbsles possess o stress-emergy tensov Hhat vislates the mull
encrgy condition, o property Hhat was denoted Hhe exotic water. So
the ohoice of the non-traversable wormboles ignove f?e sign of any
incompleteness of tHhe prn{mfaal‘ Traversable wormboles are alwost
certainly propibited by the laws of physics the scientists confirw this
expectation while o new arguwent for Hhe nom-existence of traversable
wormboles arises as a corollary of Hheir work, Otherwise, the insight
works in wany spacetimes where the wormboles Have Fechnically
diffevent shapes and diffevent nuwber of dimensions, awong other
special things i Hhe theory. They also claim that a description for
excited wormboles exists on both sides, too. Tiny amonnts of
entanglement don't allow the quantuw wormboles to be big and swooth,
but that's not a defect of f?e proposal. I depends on a feature of Hhe
exotic matter that supports it Specifically, i depends on whats
oalled the equation of state of the exstic mater, how Hs pressare
depends on Hs density. For exstic watter wodeled wore or less
conservatively as massless particles of negative encrgy, the spacial
Hpe tvaversable wormboles are wnstable. Alhough # is always
possible o choose an equation of state Hhat ?uaranfeefa stability, this
stability is not unlimited. Any wormbole will oollapse to a black hole
after o sufficiently large inflax of positive encrgy. Conversely, any
wormbole Will expand ceaselessly after o suitably large influx of
negative energy. While it has recenty been shown that Hhe wormbole
traversable in principle can be held open With avbitrarily swall
quantities of exotic matter, it shill appears Hhat enormous quantitivs
of exstic mater ave vequived to hold open wormbsles that are
traversable by Humans i a fimely fashion. The possible explanation
for davk energy is the supposition that Hhe universe is awash i dark
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exotic watrer and Hhis is precisely the sort of watter required to
sustain  tvaversable wormboles. The shability amalysis places
oonstraints on the equation of the state o the exotic matter Hhat
comprises the Hhroat of the traversable wormbole. Exotic mather is
watter that viclates an encrgy condition, where Hhe traversable
wormbsle vequives the anti-gravitating effect of exstic wather of s
Hhroat to counter Hhe wormbole's tendency to inwardly contract. The
researchers used o bound on negative energy density derived in
four-dimensional spacetime to constrain static, spherically symmetric
traversable wormbole geomelries. They avgued that the bound should
also he applivable tn curved spacetime on scales which are wuch
swaller than the mintwuw local vadins of curvature and the distance to
m}'y poundavies in the spacetime. The upshot of our analysis is that
either o wormbole must g)ane o Hhreat size which is only slightly larger
than the length, ov Hhere must be lavge discrepancies i the length
scales Which characterize Hhe geometry of the wormbhole.

Guantum Wormbhsles with Phantom Encrgy and MaHer

One interesting aspect Hhat we shell consider here is Hhe possibilit
of ﬁus}amt:g traversable wormbhole spacetimes via exotic water wade

out of phantom energy. The latHer is oonsideved to be o possible
oandidate for explaining the late Hwe aooelerated expansion of Hhe
universe. This phantow energy has a very strong negative pressure
and vislates the mull encrgy condition, so becoming a wost promising
ingredient o sustain traversable wormboles. Notice however that n
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this case we shall use Hhe notion of phantom energy in o move extended
sense since, stricHy speaking, the phantom water is a homogenconsly
distributed fluid, and here i+ will he an inhomogencons and anisotropio
fluid. It is intevesting to note that in the curvent publivations is
oonsidered the possibility Hhat the enormous negative pressuve in Hhe
center of o dark energy star way, in frfuofple, mply o hpnlug{
ohangs, consequently opening up o funnel and comverting the dav
encrgy star fnte o Wormbole, I+ shonld be wentioned that f%e stability
of some specific wormbole static configurations also has been
oonsidered. OF course this fack is very speculative to Hhis stage, but
o observation can discard the existence of phantom encrgy. Nowdays
we know that may be o combimation of phantom and quintessence field
oonld be the dominant compoment i the universe. The fact that
phantom emevgy ocan be the souvce of wormboles Fs wore than
exciting, and give rise to imvestigate about the existence of stars wade
of this kind of watrer. Phantom matter's negative wass would have Hhe
opposite gravitational lewsing effect to norwal watter, waking any
light passing throngh the wormbsle frow ansther universe ov point in
space-time diverge, and emerge fvow it as o bright ring. Meanwbile,
any stars behind it wonld shine Hhrough the middle. Shatskiy snggests
that bis idea wight offer o way for future space-hased observatories
such as Russia's planned Nillimetvon Project to look for wormbholes ot
Hhe centre of large galaxics. By using a properly gemeralized accretion
forwalisw i is argued that the accretion of phantow encrgy onto o
wormbsle does not make Hhe size of the wormbole throat to comovingly
soale With the scale factor of the wniverse, but instead induces an
increase of Hhat size so big that the wormbole can engulf the universe
itself before it reaches the big vip singularity, at least velative to an
asymptotic observer. On the other hand, some extended theories of
gmwf ation, such as super?rahﬁy and superstring Hheories, possess
he vaowuw states. Even within the framework of general relativity, o
negative cosmological constant permits black holes with Horizons
topologivally diffevent from Hhe nusnal spherical ones. These solutions
are comvertible o wormbole solutions by adding some exotic watter
with the asywphotically flat wormbole solubions in o gemeric
cosmelogival constant hackgronnd.
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The Wormbole Features of Black Holes

Today black holes are part of Hhe basio toslkit of physicists and
astrophysicists, and their existence in the real universe is taken for
?ranfed* It is, however, inferesting to examine critically fo what extent
he current, or future, astropbysical data can observationally prove
the existence of black holes, Indeed, black holes ave sophisticated
theoretical constrncts wﬁ? wany different properties and vach
ohservational evidence usually concerns only one specific property. In
tis article, we consider o very simple type of black hole foil which
inchudes the quantum wormbole. Though o wormbole does not have an
event horizon, and differs, in principle, in several ofher important
ways from o black Hole, we shall show here that, if o wcertain
pavameter entering its definition is swall enongh, the wormbsle is
essentially asteopbysically indistinguishable from o black hole. The
advanced vesearchers considered o wormbsle spacetime as o foil to
the black hale, to learn to what extent the observational features of o
black hole do really t(eipam( on the presemce of an event Horizon.
Indeed, unlike a black hole, o wormbole geometry is globally static and
does nof have an event horizon, IF was olear from He start tHhat as
the bwe spacetimes have o nearly identical geometvy for Hhe black
hole, they wonld Have wery similar olosed geodesics, and wonld
therefore be practically indistinguishable in astronomical ohservations
that depend only on the external gravitational field. However, and
more surprisingly, we found that mwany sbservational feabures Hhat
were Hhought to coucially depend on Hhe presence of an event horvizon
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were well mimicked by a wormbole, if the pavameter is sufficiently
and exponentially swall. ‘This includes, Hhe appavently frrevevsible
acoretion of matter down o hole, no-haiv properties, quasinormal-mode
vinging, ond even the dissipative properties of black Hole hovisoms,
suoh as the finite surface. It remains Tuferesﬁn% to keep i wind that
wost of Hhe phenamenslogy of black hales does not really depend on the
presence of an horizon, and also Hhough this deserves wore study Hhat
a wormbole conld somehow wimic the black hole radiation, as well as
may provide o siwple way of visnalizing the wicrostates stoving the
information t:{pparenﬂy lost during a gravitational collapse. One wonld,
powever, need o wore detailed wodel of the formation of o wormbhole to
address this s a black hole. Interestingly, there is o link between
Hese two wethads, when takes the value suggested i the classival
wormbsle bounce tme scale beosmes comparable to the quantum
evapsration Hime of the black hole. The physicists were logking at hHow
entangled black hHoles wonld behave. When the black holes were
entangled, then pulled apart, the theorists found that what emerged
was a Wormbole, the tunnel through spacetime that is thought o be
held together by gravity. The idea seemed to suggest that, in the case
of wormbsles, gravity ewerges from the wore fundamental phenomensn
of entangled black holes. The final conclusion is that the possibly
unique Way of conclusively Irumg the presemce of o black hole
endowed With an horizon wonld be to ohserve its black Hole radiation,
And even this conclusion needs somwe qualification, hecanse we shall
see that some feahires of wormbholes waturally tend o wimic Hhe

nanbim spectruw of blackboles, so that it is possible that some o be

efined wormbole formation mechanisws conld lead o an black hole
radiation. For instance, in wany observations the black hole
candidates are wainly picked either because their inferved mass
exceeds some theoretical limit, or on the basis of Hheiv strong external
gravitational field, Several anthors bhave claimed that some
observations have probed, ov will eventually probe, wore characteristic
features of black holes, and notably the essentially defining existence
of the quantum wormbholes. The Iterature disousses How Wormboles
oan lead to several inberesting effects in the quantum theories of
gravity with Hhe present fundamental teractions.
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Guantum Wormboles in Naximal Supergravity

In supergravity theory, He flat and charged Lorenksion wormboles in
higher dimensions were oblained, wheve the wormboles ave swooth
everyWhere, and conmect Fwo aﬁyw{gnﬁcaliy flat spacetimes. Although

these wormbholes are nof Fraversable geodesically, it was demonstraked
in the literature Hhat there exist traversable accelerated Hwelike
trajectories across the worwbole, The physicists constrnct charged
wormboles as solutions to nfinite-dimensional supergravity conpled to
an form field stvength, together with the dilaton and gravitine in Hhe
higher spacetime dimensions. In this brief note, we veconsider the
problem of finding quantuw wormbole solutions fo maxiwal supergravity
in infinite-dimensions. We obtain o large class of swooth Loventsian
wewbrane Wormboles in supergravities in varions dimensions, wherve
ey connect fwo asymphotically flat spacetimes. ‘The more intriguing
situation is when Here exists o worwhole in the bulk Hhat conmects
swoothly to  different supergrovities. The rescarchers review
important properties of the Hypermultplet seotor of Hhe quanbum
inferaction with Hhe wormbole in bfggerlﬂmensfnnai supergravity
wodels. We Have seen that, in contrast to some claiws in Hhe
literature, He supergravity Hheory has complex wormbsle solntions for
any bigher dimension. The Hheorehical physicists constrnct Hhe
instanton  and worwhele solukions in supergravity theories with
hyperwultiplets, which are the supersgrwm}ﬁo wonifolds of
superficlds, The analytic continnation of He Hyperwultiplet action,
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involving psendoscalar axions, is discussed using the approach
originally developed in physios which determines the appavence of
boundary terms. In partioular, they imvestigate the  conditions
obtained By requiving the intevackion to be positive-definite onoe
the boundary terms are token inds  acoount. Instantons and
wormboles determing potentially fwportant non-perturhative effects i
superstring theory. Both can be shiained as saddle elements of the
quantuw inferaction of he covvesponding low-encrgy supevgravity.
Instanton and wormbole solutions have been discussed for varions
theories and dimensions, ™ partionlar the dilaton fbenr{, the
universal hypermuttiplet in supergravity and g]eneral by permultiplets
in the four-dimensional Hheories with superfields. It might be best to
assuwe Hhat o stving solution for wormboles exist and see what the
oonsequences are for Hhe development of Hhe Hheory. Wormbholes are
similar to black holes, but wheve the even horizon is veplaced by a
wewbrane of some Hype of qantam  field which ovanses the
supergravity of the fundamental wembrane. The new studies puild of f
previous shudies of wormhsles, in Which vesearchers suggested
wormbsles way be vesponsible for the communication between
supsrgrabity and supevsiving theory. The rveseavchers derive and
study a class of cosmslogical and wormbole solutions of low-energy
effective string field theory which is commected to supergravity.
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Guantum wnng nuerﬁﬂ‘"ng Tbenr
Superstring theory is tackling Hhe problem of wormbole's existence.



Indeed, it seems that superstring Hheory can wake stable wormboles,
without any addition of exotic watter. Not wuch, althongh the brane
world concept that has emerged from superstving theory wight provide
a framework fbruuib which we wight begin to understand How
wormboles comnect fo parallel umiverses. In Hhe membrame world
scenaris  Hhe universe fs  a  eleven-dimensional  supermembrane,
embedded in o higher-dimensional spacetime called the bulk, vather like
a sheet of paper floating in Hhe suIerspaoe* Parallel universes can be
imagined as o stack of slightly sepavated pavallel sheets or
wembranes floating in superspace. s clear, then, Hhat o wormbole
Hhat links different vegions i the bulk wonld necessarily link
diffevent ¥arallel wniverses.  Ansther commection is the slfgb}
possibility that Hhe Ern}eoﬁm of a specific saperstring Hheory of the
bulk onto the wembrame vepresenting onr uwniverse wight Have an
Fﬂferesﬁng* effect. Specifically, it wight condribute to Hhe stress
energy of Hhe wembrane in o way that simulates the presence of exotic
matter. Or to state the watter o Hhe Hheoretical fashion, there is
stil o chance Hhat wormboles in fauperfafrfug*%benry wight enjoy the
penefit of exotic watter without exetic watter. The wormbele is
oonstoucted by onting and Joining fwo spacetimes satisfying
the low euer{gy superstring equations with the dilaton and the
graviting fields. In spacetimes described b{ the superstving, the
dilaton enerdg{ womentuw need not satisfy the weak or dominant
ensrgy oonditions. In the cases comsidered here the dilaton field
violates these encrgy conditions and is the source of the exotio
watter requived to waintain Hhe wormbole. There is alse a surface
stress-energy, that wust be produced by additional watter, wheve the
spacetimes are joined. I is shown that wormboles can be constrncted
for which this additional watrer satisfies the weak and dominant
ensrgy conditions, so that i could be o forw of novmal wather,
Charged dilaton wormboles with a conpling between Hhe dilaton and the
electromagnetio field Hhat is wore geneval than in superstring Hheory
are also briefly examinated, The theoretival gﬁ}’fﬁﬁfﬁfﬁ disouss the
wormbole effeckive interactions i superstving theory, Hhought of as o
sum over bigher-dimensional field theovies on different world sheets,
The effective interactions are calowlated in the dilnte wormbole
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approximation, initially by considering the functions on higher-gems
surfaces, and then by caloulating Hhe effect of o complete basis of
wave funotions on scatering amplitudes for o surface with the
poundary. The sum over worwboles is equivalent to Having a world
sheet of trivial topolegy and swmwing over diffevent spavetime and
watter-field backgrounds. To leading order these consist of the
massless fluchuations, sinoe the tachyon cancels ont when o sum is
done over different spin stouctures going Hhrough the wormbole. Msing
the lowest ovder effective superstring action they found am axionic
wormbsle Which However Has an infinite supergravity interaction.
More recently an instanton has been found which describes o tunneling
between sevo-emergy vacna of superstrving thesry. This situation is
somehow uncomfortable becanse if supevstring theory has to solve the
pussles of supergravity i should also provide us the natural
framewsrk for shidying processes like the formation of quantum
wormboles in higher-dimensional spavetime.

Expanding Quantum Wormboles in Higher-Dimensions

The present article mvestigates the possibility and naburalness of
expanding Wormboles in higher diwensions Wwhivh is an Pwportant
ingredient of the wodern theories of fundawental physios, such as
superstring theory, supergravity, Xaluza-Xlein, and many sthers
special investigations. One of onr wotivalions for considering
wormbole solutions in an expanding cosmologioal background vefers to
the inflation theory where the quanbum fluctuations i the inflaton
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field are considered as the seed of lavge scale stouchures in the
universe. As wentioned above, the non-tvivial topological shjects suoh
as wicroscopic Wormboles way have been formed duving inflation and
enlarged to wacroscopic ones as the wniverse expanded. We alss
explore  the Rnssﬂﬁlf y that these higher-dimensional wormbholes
satisfy the mull energy condition. Non-tvivial fopological objects snoh
as wicrosospic Wormboles way have been formed through the quantum
interactions and enlavged to wacrescopio size during inflation and in
the subsequent expansion of Hhe wniverse. Indeed, if wost of the
wormboles in the quantum foam survived enlavgement through inflation,
Hen the universe wight be far more inhomsgencons and topologically
complicated than we shsewve. Indeed, poshulating higher-dimensional
spacetimes is an fwportant ingredient of wodern hegries of
fundamental physics. In Hhis context, Hhe existence of Higher
dimensions way help construct wormbole solutions that respect encrgy
oonditions. In partioular, i o cosmologival set wp, wicreseopie,
dynamical Worwhsles produced in the carly universe way be inflated to
macroscopic scales and thus be af least in principle astrophysically
ohservable, In his work, by asswming o Howsgencons mwater field,
which is the energy demsity depending only on the time ocoordinate,
which holds m the standard cosmelogy, we arvived at interestingly
simple and exact solutions. More specifically, we considered o
partionlar class of wormbsle solutions Oﬂl‘l’éfa})ﬂﬁ(ﬁﬂ? to o spatially
homogeneons scalar cnwvature, The possibility of obtaining solutions
with normal and exotic water was explored and we found new
solutions imcluding Hhose that sotisfy the null energy condition in
speoific time infervals. {n partionlar, in five dimensions, we found
solutions that satisfy the mull ener%y condition everywhere. The
equations of wotion are governed by e systew of o scalar coset
ooupled to infinite-dimensional gravity. Awong the solutions, we find o
large class of swooth Lorenbsian wormboles that connect two
asymptotic flat spacetimes. The solutions, there is o large class of
new swooth Lorentsion wormbsles. ‘The vole that wormbsles play in
superstring theory bas been shudied vecently in the context of theiv
ocorrespondence. In Lorentsian signature, wormbsles that connect twe
asymplotic spacetimes appear unlikely, and discomnected boundaries
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oan only be separated 5{ hovizons. Bevanse i appears that exotic
watter can support stable wormbsles i four-dimensional spacetime,
we Wwill asswme withont taking the trowble to  extend the
four-dimensional analysis, that snch wormboles are possible as well in
spacetimes of Higher dimensions. We shall, woreover, assame the
gﬂfaﬁﬁlé existence of stable higher-dimensional wormbholes cven when
he higher-dimensional spacetime is cnrved and the interactions of the
quantam fields exists. The wost salient feature of this enmconnter,
when it is close, is that the hlack hole in the bulk induces a black hole
in the mewbrane. Here we consider nstead an enconnter hetween the
wembrane and Hhe quantum wormbole in the bulk of the wembrane. The
black hole case ﬁuﬁgéﬁ*ﬁ that such an encounter will have an analogons
result, which postulate Hhat the wormbole in the hulk will mduce in Hhe
general case the new wormbole in the wembrane.

Quanhin Wormboles in ThHe Fundamental Mewbrane Nodels

In the context of the special wembrane scemarios, the researchers
considered the possibility of worwhsles i the bulk and their likely
wanifestations i any lavge-scale membrane Hhat enconnters them i
the higher-dimensions of the byperggane‘ In ovder for sueh wormbholes

to exist, the bulk wust possess matter that vislates Hhe mull energy
condition.  This weed not fmply the existemce P the bulk of an
of F-considered dilatonic scalar field that wonld vislate the spivit of
the wmembrane-world proscription of of f-membrane watrer. ‘This
watter can instead oconsist of o fluid of olosed wicroscopio
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wembranes. ‘This would only be possible if suoh wembranes were
quanbim wechanically stable and possessed of exotic matter, which
imclude . the quantum wormbhole. Modeling such o membrane as a
watter dominated domain wall in the bfgﬁwﬁmeuﬁmal solution, the
scientists have derived its equation of wotion using Hhe standard
Hin-shell formalism and Have canonically quantized Hhe system whose
extremized field solutions generates Hhese squations. This procedure
ooupled with the uncertainty principle leads to an effective potential,
whose winima ocorvespond to Hhe quantum ground states i the
wormbole. We have shown that such minima exist for several choices
for the equation of state of the wembrane matter and have foonsed
speoffioall{ on wembranes Whose watter content domimates Hheir
infrinsic tension. The veocent wewbrame solubions that not only
describe new sorts of black holes and naked singularitivs, but alss
oontain the special fyge of quanhim traversable wormboles. There is
nothing to prevent the bigher-dimensional bulk spacetime from
onnfafnﬁ;g various other membranss in addition to hosting onr universe,
presumed to be o positive-tension wembrane. In particnlar, i conld
oontain closed, wicroscopic membranes that form the boundary
surfaces of void pubbles and thus violate the mull encrgy condition in
the bulk. ‘The possible existence of such miors membranes can be
investigated By considering the properties of the ground state of a
psendo  equation desoribing wembrane quantum dynawios i the
superspace. {f they exist, a concentvation of these wicrs membranes
oonld act as o fluid of exotic water able to support maorusong?o
wormboles comnecting otherwise distant regions of the bulk. Were Hhe
membrane constituting our universe to expand into o reglfnn of the pulk
oontaining such highsr-dimensional wacroscopic wermboles, they would
likely wanifest themselves in our membrane as wormbholes of normal
dimensionality, Whose spontameons appeavance and gemeval dynamics
would seem inexplicably peonliar. ‘This enconnter conld also vesult in
the formation of baby umiverses of o partionlar. This exaot
specification of the bulk spacetime mduces precise values for the
stress energy on Hhe wembrane. However, Hhe special symmetry of
the exact bulk solution normally limits Hhis approach to glohal
descriptions of the wembrane. An exotic fluid composed of countless
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the null energy condition which violating the wicrs mewbranes is only
possible if there exists a stable sr wetastable state in which such
memwbranes are at least a conple of srders of magnitude smaller than
the macroscopic wormhsle Hhroats of interest. To determine whether
this is the vase, we will employ the Hhin-shell formalism to consider
the quantum dynawios of o closed micrs wembrane that violates the
pulk mull ewergy condition. Rather than sm]:ruﬁug that this wicro
membrane is itself o wormbole throat, we shall instead regard i as o
bubble survounding the void. Like the negative-tewsion wemwbrane in
the theoretical constenction, it is o boundary for the pulk spacetime in
the diverse higher-dimensions, Having argued for the possibility of
wormbsles in the bulk supported by o fluid of exokic void pubbles, 1
have briefly considered an enconnter between such o wormbole and our
universe. An analogy with the encounter between pulk black holes and
membranes together with an inhaitive understanding of the geometry of
the encounter suggests that wormboles i the bulk will Fnduoe
murm?nleg in the wembrane. The calonlation and analysis on the
details of the encounter merits support Hhe sepavate fmvestigation and
research. We might prefer Hhe possibility f we Have in wind o
malti-membrane-world i which Hhe collapse of a star establishes a
bridge between two previonsly separate wembrane-worlds. We find
that there are twelve classes of solutions, including the previonsly
known extvemal ov nonextremal fundamental membranes. We alse find
new swooth membrame Wormbole solutions plas the shudy on the
ontbature properties of these solutions and P partioular, the
researchers focuse on the wormboles and demonstvate that f?ey are
not traversable gesdesically but fraversable with ocevtain Himelike
trajectories, as in the case of the previously known wormbsles. In the
theory bave obtained the wost geneval sphecically  symmetrio
mewbranes in the previons configurations and find the solutions with
appropriate parameters describe smosth wormboles that conneot two
as{mﬁnﬁo regions i the higher-dimensional superspace. We Have
ohtained theiv mwasses, Iinear womenta, as well as the wembrane
oharges weasuved v cach asympiotic vegion. The situation becomes
mach wore complicated when the symmetry gronp belongs o
exceptional groups, Which can avise in Jower-dimensional maximal
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supsrgravities. It is of great interest to obtain all of the wost general
?Beﬂcaﬂy symmetric membranss with oll supergravities in diverse
mensions.

Quantum Wormbole Commestions fo Parallel Universes

The wormbole is o short passage in spacetime that divecHy commects
two universes or two distant regions within the same universe. Beside
being hypothetival shortents in spacetime and consequently useful for
infer-universe and infra-universe fravel, they were found to possess
other hﬁrignhl% applications, such as, the usage for tHme-travel and

imvestigating the inferisr of o black hole, amongst the others
oonstructions of the wormboles. The rescarchers created a
oonfiguration i flat space of o universe-mewbrane and a parvallel
anti-universe-membrane conneoted by the wormbhole. At this stage,
large awount of encrgy is transferred from onti-mewbrane to sur own
universe membrane, At second stage, the wormbole dies and there is no
channel for flowing euerg{ intg onr uwmiverse. In his condition,
inflation ends and the cosmologicel redshift results reduced with lower
velooity, WiHH decreasing sepavation distance bebween the two
universe membranes, o fachyon is oviginated, I+ grows and conses the
formation of ansther wormbole. At this stage, the late time
acoeleration starts and the cosmological redshift acoelerates to lower
valuss. Acosrdingly, the destructive positive feedback lnng of virtual
particles civenlating throngh the quantum wormbhsle, o vesult mdicated
by semi-classical caloulations, is averted. A particle returning from
the future does wot vehurn o its universe of svigination put o o
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pavallel mniverse. This suggests Hhat the wormbhole with an exceedingly
short time jump is o theoretical bridge behween contemporancons
parallel universes. Beoanse the quantum wormbole infroduces o Hype of
nonlinearity into quantum theory, this sort of communication between
parallel universes is completely veal. ‘They do in the sense that people
from diffevent universes ov from distant parts of Hhe same universe
can both enter the black hole and weet each other. The weeting will
likely be intervupted, howenver, by the violent deaths of both f(u‘ﬁéfa in
the black hole's singnlavity. In tuen, oll the black holes found so far
onr universe—from the wicroscopic to the sapermassive-may be
dosrways ints alternate realitivs. According fo o wind-bending new
thesry, a black hole s achually o tunnel behween universes, special
type of wormbole. The mater the black hole aHracts doesn't oo ]a];faé
ints o single point, as has been predicted, put vather gushes out he
hole at the other end of the black one. According to the new equations,
the watter black Holes absorh and seemingly destroy is achially
expelled and pocomes the Buflmg blocks for gelaxies, stars, and
glanefﬁ e ansther parvallel veality through the quanbum worwhole
unneling. What is new heve is an achual quanhom wormbole solution in
quanbim gravity that acts as the passage from the exterior black hole
to the new inferior pavallel umiverse, which was mvolved in the new
study. Nuch atention has been paid in the last decades to wormbhsle
physics, especially to traversable wormbsles. They may in principle e
used by humans to fravel petween universes or to distant farfs of the
same universe. Uislations of the weak encrgy condition and mull energy
oondition ave supposed to oocur af the throat of o traversable
wormbole. Wormbsles are topological tanmels that ocommect twe
universes or twe distant vegions of the ocurved spacetime in the
fundamental wembrane. To Twagine fwo wniverses, think of two
membranes floating near cach otper. The traversable wormbole
oomnecting thew would be like a short drinking straw ghed hetween
them that would allow an ant to crawl from one wembrane to the sther.
The resulting maltiverse has a very non-trivial spacetime struchure,
with o multitnde of eternally regions commeoted by wormboles. Thus,
one may adopt the approach of minimizing the usage of Hhe phantom
and exotic watter. In Hhis context, a plethora of solutions have been
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imvestigated, nsing o wide vaviely of theoretival approaches. Morve
speoifically, in votating solutions # was found that the exotic mater
lies in specific regions avound Hhe Hhroat, so that it is passible for o
certain class of infalling sbservers to wove arvound the throat as to
avoid the exotic water supporting the wormbole. Msing the thin shell
forwalism, solutions where Hhe exotic matter is concentvated of the
Hroat have alss been extensively muestigated. In the context of
wodified gravity it was shown Hhat one way fmpose that Hhe watter
Hreading the wormbsle satisfies the encrgy conditions, so that i is
Hhe higher ovder curvature terms that sustain Hhese exotic geometries.
Astvophysical and cosmological signatures have also been explored in
the recent literature. The ability to create a traversable wormbole is
well  beyond  ourvent Human technology. I+ wonld requive Hhe
enlargewent of one of the wany subwicroscopic quantum Wormboles
belicved to exist within any volome of space. fn Hhe oontext of the
quanbum problem in the presence of o wormbsle we examine Whether
this is compatible with the self-consistency of physics. We derive a
self-consistency condition in which the classical Iimit ocovvesponds to
known vesults for the gemeval quantum problem i o Wormbhole
spacetime and that suggests that some fine-tining of Mmitial conditions
wight be necessary. Move specifically, Hhe energy density of the
graviton contribution to a classical encrgy in the wormbole background
is considered as o self-consistent source for wormwboles. The
existence of wormbsles in the universe is very inferesting bevanse
ey conld be highways to visiH stars and galaxies, otherwise i will he
impossible to go enough far away to visit sther worlds, sther pavallel
universes.

The Hidden Symmeteies i Higher-Dimensional Curved
Spacetime

The existence of the representations for supersymmetrio Heories in
ourved spacetime Was associated, due to wide experience in the
oveation of higher-dimensional models, With some hidden sywmwetries,
The symmetry enbancement of Hhe pidden symmetry arises when Hhe

aoetime onrveture is obtained offer veduckion of o specific ohsive
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of couplings in the Higher-dimensional thesry. T?es«a remarkable
properties of higher-dimensional ourved spacetime solutions offer new
perspeotives in investigation of hidden symmwetries of other unknown
spacetimes strnchures. An essential fundawental tool of wodern
physics is the identification and exploitation on mew types of
symmetries, which themselves can be hidden symmetries. The
scientists  mvestigate  additional  bidden  symmetries  of
higher-dimensional curved spacetime that has o Very symmetric
apgearmwe* The symmetry is fiomly embedded in the laws of physics,
but is hidden from onr view because Hhe partionlar state i which we
find the universe is not fmvariant under this symmetry. Contemporary
aHewpts to construct unified field theories have largely focused on
e seavch for new and bidden symwetvies of nature. Though this
general strnchire establishes Hhe commection with the wore traditional
geometric approaches the spacetime perspective adds the additional
insight that diffevent configurations of layers ave commected throngh
the hidden symmetries of higher-dimensional spavetime. Reoenﬂ{, a
new developwent has ocourved i Hhe field, with the realisation Hhat
for the gravitational theories that Have been shudied most  the
dynamics of the gravitational field exhibits strong commections with
the geometry of spacetime, suggesting that these wight be hidden
symmetvies of the theory. The vesolution of these pussles with the
hidden symmetries clarifies some of the other queshions of the
research approach.
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Hidden Symmetvies in Supergravity Theory

One  wotivation for underfaking of this article of the Hidden
symwetries is the theory of supergravity, I is ocommon lore Hhat
the appearance of lavge Hidden symmwelrvies in supergravity is
tantamount o the presence of supersymmetvy. it is o oelebrated
feature of eleven-dimensional supergravity Hhat it exhibis o ohain of
the hidden sywmetries when i is dimensionally vedueed. It is
interesting to shidy i the hidden symmetries of the lowest order
supergravity nfevactions are presevved by these bhigher order
derivative corvections. The connection between hidden sywmwetries and
supersymmetry of the supergravity theories ocomes with the
pighev-dimensional nterackions. Supersymmwetry fixes the value of
the ocouplings between oll the fields in o wulbiplet, including the
self-couplings. ‘The prime instance of this phenswenon can be seen fn
waximal supergravity in eleven spacetime dimensions where inferact
the supergravity wultiplet. In  waximal sepergravity, Hidden
symmetries have been swocesshully lifted to eleven dimensions, and
reoent work Has wnosvered }an}al}ﬂu{g bints of exceptional geometric
struchives associated with these liftings, Recent examples folude
inferesting models of the wembranes, cosmological models, and wethods
developed for the study of the dualities of N-Heory. Concerning the
pidden sywmetry in question, there are so far only parhial vesults,
nawely o oonstruction of the bosonic part of the wodel wsing o
decomposition and o corresponding construction of eleven-dimensional
supergrabity as part of the afovementioned more general shudy of
reduckions to lower diwensions. Hlustvations of this conjechure are
also  discussed in the context of cosmological selutions o
eleven-dimensional supergravity, This toportant work has spened Hhe
way to wany further foaitful ivestigations in theoretical cosmology,
The bidden sector coupled o the sbservable sechor Hhrongh
inferactions of supergravity stvength. This was exactly Hhe T}o}ure of
pidden seotor supergravity and supersywmetry is potentially i the
hidden sector, H noturally appeared in the framewsrk of superstving
theories. ‘The new aspect of this picture is the faot Hhat now hidden
and shservable seotor becowe separated geomedrivally, Thus hidden
sgo}ar supergravity breakdown now becowes Hhe breakdown of
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supergrabity ot a Hidden supermembrane. Nevertheless, all matter
inclnding superfields fvom the hidden sector still ntevact Hhrough Hhe
spacetime cnrvature of fauperdgranﬁy* Some vesearchers constrncted o
low energy supergravity wodel consistent with all cosmological and
particle physivs constvaints, by omitting some of the usual sFmIlffyfug
assumptions i the bidden sector. In the later case Hidden and

ohservable sector become separated ?emefrfoally and supersymmetry
is broken dynamically on o hidden wal

of the sector.

Hidden Symmetvies in Superstving Theory

There veasons fo believe that we ave yet to unveil hidden symwetries
which are the higher symmetries in supersiving theory. Therefore, i
is argued that discovering and understanding sueh higher symmetvies
will provide ns with deeper insight of superstving  theory
Subsequently, we exawine }Bpese hidden s{mme}rfes o quanhim
vontext and the study is just the fivst step to explore the Hidden
symmelries in superstving Hheory, If is quite nobiral to presume Hhat
superstring Hheory will encode the hidden symmetries in their totality,
Superstring theory goes even further with higher excitations of the
sfrfn? providing an infinite sequence of possible states. ‘This way be
why the idea of higher spin symmwetiries is now seem as o possible
solntion fo the problem. Higher-dimensional superstvings bHave an
ivarianoe, af the quanhin  level, under o gﬂﬁ(en non-compast
symmetry. These symwmwetvies are explicitly broken only by winimal
i;g}uge conplings, as H happens in the theory of swpevgravity. The



researchers disonss Hhe dynamical origin of Hhese symmetries of the
feel of the wodel desoribing the motion of a given superstring in an
arbitrary Background. ‘The Hidden symmetries ave o spacetime
wanifestation of the non-compact, generalised duality rotations for the
underlying  inderacting  bigher-dimensional  field  theory, The
oorresponding symmetry tvansformation law of the Higher-dimensional
backgronnd fields can then be comstructed. This result justifies our
previons oonsideration on  Higher Hidden symmetvies from the
generalised wodel point of view, and is o general feature for Higher
massive Jevels. There ave the fnllnwﬁl% mdications supporting the idea
for idden symmetries in supevstving theory. Move Hhan fen years ago
it was rea Ti,ec( Hat the theories which now are considered as
describing o low encrgy limit of supevstring Hheovies do posses some
pidden symmetvies. There is Je conjechure that the duality
symmetvies should be picces of the hidden gauge gymmefr{ in
supsrstving theory. Dualities and hidden symmetvies of supevstrin
%benrg are closely related to each otper. H bHas been shown tha
dualities requive the modification of superstving Hheory to N-thesry.
The algebraic stoucture of M-Hheory is encoded in hidden symmetries
of the superstring theory low-encrgy effective actions. All the visible
symmetries i superstving theory ave rewnants of o wuch larger
hidden symmetry so that only diffevent vesidual parts of it ave seen
in diffevent hidden sectors. Superstring Heory goes even further with
higher excitations of the superstoing providing an infinite sequence of
possible states. This may be why the idea of higher hidden symmetries
is now seen as a possible solution to the problem.




The Hidden Symmetry Stoucture of N-theory

The theoretical physivists present and disonss hidden symwmetries of
N-Hheory, s feedback on Hhe construction of the N-tHheory effective
action, and o respowse of +he effective ackion when locality is
preserved, In particnlar, the locality of special sywmetries of the
duality-symmwetric su erg:ahﬁy constraints Hhe index stouchire of Hhe
dual to graviting field in the same wanner as i is vequived o sepavate
the levels of generators subalgebra from Hhe nfinite-dimensional
pidden symmetry of supergravity Heory. Substantial progress in this
divection was recently achicved within Hhe onn{et:}ure((, ot early stages
of the developwent of the algebraie struchire of M-theory, This
stouchure is realized as the very extension of Hhe hidden sywmetry
algebra of dimensionally veduced eleven-dimensional supergravity, The
duality-symmetric cloven-dimensional supergravity inferaction can be
considered as o good staring point o searob}nlg for the least
interaction principle of Hidden constituents of MN-theory which are
encoded in the symmetry algebra. Many years ago it was found Hhat
the dimensional veduction of eleven-dimensional supergravity o lower
dimensions leads to the emevgence of unexpected hidden sywmetries,
notably i the redwotion 1o four non-compactified spasetime
dimensions. Sinoe Hheir role fn Hhe greater scheme of N-Hheory wos
postulated, theve Has been intense vemewed interest in the hidden
symmetvies of supergravity, While wost work Has, undevstandably,
centered on the waximal eleven-dimensional Hheory and is various
dimensional reductions, with recent work ramiﬁlg from the ganging of
subgroups of Hhe global exceptional gronps to the fdentification of new
vacue to possibilities for enlarging the Hidden symmetries even
further, theve have also been vesults of o more general soope. Notably
Hhe work showing in the wost systematic mamner yet how the hidden
symwetries arise in swocessive dimensional veduokion has been
generalized to ofper dimensional rveduotions to lower dimensions.
Understanding the symmetries of supergravity is therefore hmportant
for reaobfng o satisfactory formulation of M-theory. The symmetry
enpancement of the hidden sywmelry avises when the spacetime
ourbature is shtained after reduction of o specific ohoice of couplings
in the bigher-dimensional theory admits an even lorger gange group,
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The scientists Fm:esf?a}e additional  hidden  symmetries of
pigher-dimensional curved spacetime that has o very symmetric
appeavance. However, then they will ot vancel for the Bi‘gber order
ourvature terms. This is o generic feabure of the dimensional
reduction of snpergravity actions and is related to Hhe shservation in
aceording to wbﬁcf higher curvature terws ave associated with the
weights of the hidden sywmetry rather than s voots which vocnr in
the usual parametrization of the superspace. It is mteresting to shudy
if the bidden symmetvies of Hhe lowest srder supergravity inferactions
are preserved by the higher ovder derivative vorvections. These ideas
have the potential of providing %?e theoretical framework for o truly
unified theory of gravity and matrer, which can provide an explanation
for the known low-encrgy gauge theory of water and predict s full
particle content. ‘The Msight is that seewingly distinet focal textures
are in fact related in o precise way, Hhrough o hidden sywmetry
revealed by analogy With supergravity theory. The extension to o
ontved setting vaises the question of whether ov not o similar hidden
symmetvy exists there, perbaps exploiting ideas fvom supergravity,
superstrings and Hhe stonchive of the higher-dimensional ourved
spacetime, and fndeed this turns ont to be the case. New development
bas oocurved in Hhe field, with the vealisation that for the
ravitational theories that have been studied most the dynawics of
he gravitational field expibits stvong conmeotions with the geoswetry
g spacetime, snggesting Hhat these might be hidden symmwetries of Hhe
eory,

Multiverse, Parallel Universes and Realities

Multiverse or meta-universe is a hypothetival set of multiple possible
universes, including onr universe, Whivh together vepresent Hhe entive
pb]yfﬁoal reality. The diffevent universes within o wultiverse arve
oalled parallel universes. The struchure of the multiverse, the nahure
of each universe within i and the relationship between Hhe various
oonstituent universes, depend on Hhe specificity of the muliverse
Bgfgm}besfs‘ In this sthuation, pavallel universes ave alse called



alternative universes, quantum aniverses, pavallel worlds, or alternate
and pavallel vealities. Multiverse is o hypothetical set of finite and
infinite possible universes, Tuoluc(m? onr universe fn Which we Iive and
build onr veality, Taken fni{;e%ber, {es-e pniverses contain eheryﬁmi
that exists: the Tn’reﬁrify of space, Hwe, mater, ensrgy, and physica
laws and constants that describe them. OF the many possible worlds
follow the evidence and fwberpretations, physicists and wathematicians
are divected to study the implications of the theory in depth. Also
Hhese mwental journeys suggest and fmply that there ave parallel
universes pavallel to our own, and we coexist with them in the so-called
hyperspace build our wultiverse. In physics and cosmology pavallel
universes ave bypothetical ocollection of identical or  diffevent
universes, including unique and Hypothetical universes Hhat coexist
with the known universe, but can grow and Iive in vadically different
laws of physivs. Typical deep and specific group of pavallel universes
is called o wultiverse, althongh Hhis term can be used to desoribe Hhe
possible parallel umiverses t{mf represent veality. While the terms
pavallel aniverse and alternate realﬁ{ are generally synonymons and
way be nsed imterchangeably in wost cases, there is sometimes an

additional connotation of +he terw alternakive reality, which weans

that the veality is o vaviant of our own. Physicists vefer o this

gbaﬁnm theory as a thesry of cuerything. Guantum physicists belicne

hey ave on the trail of f?ndin? this to be the final theory constrncted
ure ot Hhe physical veality.

to shtain deep and perfect piv




The Existence of Nirror Paralle] Universes

The theory ollows for Hhe existence of many parallel universes where
the lows of nature ave slightly diffevent fvow ours ond describe
another type equations. From o Hheoretical point of view and
constdered among travel throngh dimensions to other unfverses way be
possible, but this limit is the amount of encrgy needed for this task.
Although this is o huge shstacle for us, waybe there ave civilizations
Hat wanaged to extract harvest energy from antimatter and to fravel
to obher universes - and one of Hhose universes can be ours, But such
travel to ofher universes with different physical laws of nature can
oveate some restrictions on universel space tourists and o confuse
Heir plans. While H is theoretically possible o travel through
byperspace, the awount of encray vequived for the moplementation of
this is beyond our technology ot Hhis point, For example, just o go into
hyperspace requives o huge awount of electron volts energy. In the
beginning, when the Big Bang created our universe, some Hheoretioal
physivists believe }ba% also created the spposite of our mivvor
universe Where Hime moves in the opposite divection. From ouv point of
view and position in space, the time in pavallel universe fs veverse.
But fwo separate groups of prominent physicists working on models of
Hhe wultiverse, which consider Hhe initial conditions Hhat conld have
created the arvow and the general divection of Hme, and seews to show
Hhat in Hhese universes, time moves in fwo different divections. There
way be o parallel mivvor world that has the same parkicle physics as
Hhe observable universe and comnecting only gravity. The dewand for
Iimits of muclessynthesis in Hhe wivror universe weans Hhat Hhe sector
of the mivvor wast have less temperature Han usual, For His reason,
the development of wirrer universe wust significantly deviates from
the standard cosmology, as far as coucial eras as bariogenesis,
miclessynthesis are ocomoermed and Hhey ave given signifivant
importance for the development of this pavallel world wivver of us.
Starting from inflationary scenario that could explain the diffevent
fitial phases of both seotors are shidied history and time of the
early wivrer universe. We Have shown that mirror universes can
provide o significant contribution to the encrgy demsity of Hhe
wultiverse, and thus they conld represent the component of dark

«D0~



mwatter and dark encrgy waking up o wivver umiverse. Mnfortunately,
we can not exchange information With physicists living in +he wivror
universe to combine onr sbservations. Above all, i poth worlds ave
equally microphysivs described by quantum interactions Jife shonld be
gﬂfafﬁ“e also in the mirver sector. However, there can be many sptions
o facilitate the cosmological scemaris of two pavallel worlds with
future dota aconvacy regarding the lavge-scale struchire of tHhe
observable universe wirror. In fact, M-theory allows for wany
diffevent imternal spaces - diffevent universes, cach with its swn
special set of laws of nature. Possibility of formation of universe
t run?B gravity will drain the watter in onr wniverse, with sowe of its
Ivcal laws of nature to seep into our universe. The thesry could explain
the effect of dark watter, where areas of the universe are heavier.
Following the theory problems abont the big bang are veplaced by the
eternal cosmic oycle where dark energ¥ is no longer o wysterions
unknown quantity, but vather itself extva gravitational foree that
drives the universe o wniverse or infevaction of wembrane with
membrane. Dark watter does not seem to fall indo the dense
gravitational wells, because i will be blurved by Hhe physical distance
petween different universes and Hhe fact that stars and galaxies
wonld not exist in exacty the same place i each universe. Nater in
mwany parallel universes wust be kept together and cvslve fnto large
soale, but only part of Heiv gravity will veach onr wmiverse. If a large
mass of dark matter oconr in wore massive universe, as weasnred by
its momentum and the subsequent weasure s gravity will be a good
indicator that Hhere is the issne of leakage of gravity in other
universes, In the event Hhat there is no mismatoh hetween inertia and
gravity, thenm i is wery likely existence of imvisible watter
interactions in onr universe, If davk water is Hhe onter membrane of
each universe, Hhen gravity will have to pass Hhrough two membranss -
membrane surrounding cach wniverse, therehy creating o donble layer
of dark watter and dark encrgy cventually. There will he no
communication between the fwo universes except Hhe gravitational pull
on a parallel universe sister of our wnmiverse, which can cross Hhe
slightest diffevence, Given that the two universes are snrvounded by
t(grk defend vegavdless forwing wembrane universes we ocan expsot
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both drivers have diffevent properties, just as universes contain and
guﬁﬁess qalities }uﬁe different from those in onr universe. This sets
he stage for shudies of af least twe diffevent types of dark matter,
cach forwing o wewbrane encapsulated and combined fn a given
universe. The membrane theory may explain the low gravity. However,
His idea vequives aof least one of the extra dimensions should be much
larger than a certain size, T can be shown that in the absence of
encrgy, gravity will be located in the wembrane and will hehave exacHy
as predicted by general velativity. But ot sufficiently high energy,
gravity ns longer be located in the wembrane and in the bHigher
dimensions will behave in o way included with dramatic changes in Hhe
gravitational dynamics. Theve have been attempts to viswalize the
intersection of hwo wembranes passing throngh any other field
achually cveating our space as Hhey do in veality. Separate universes
wanifest, intevact and participate in cach wembrane, presuwably Hheir
geuefraﬁnn Hrongh 1he escaping gravity. Hut the established
peoretical pichire of the wany worlds is not just a theory that tries
to explain };e wuliverse. Also it is not the only option, which snggests
Hhat there are universes parallel to our own.

Hyperspace of Parallel Universes

The thesry of byperspaoe in Which Hhey live and interact with ol
arallel wniverses Has generated so wuoh excitewent i Hhe world of
{Benmﬁcai and wathematical physics. Theoretically it developed
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unique idea ewpbasizing that the Hheory of bHyperspace, you way be
aple to unite all the known laws of natuve i one theory of Hhe
maltiverse. Thus the theory of bHyperspace may he the cruwm?
achicvement for thonsands of years of research, the wnification of ol
known fundawental interactions and describing onr offer wodels of
different  pavallel  umiverses. Despite  Hhis  possibility  wany
implivations of Hhis discussion ave purely Hheoretical, hanelfng
throngh byperspace nitimately can ensure the practioal applivation o

all ur fons, fravel to o parallel universe i order to preserve and save
intelligent life, including the death of our own unmiverse. In +he final
seoonds of Hhe death of ouv umiverse, infelligent life can escape from
onllarse by escaping ints hyperspace as inhabited wew and unknown
parallel universe. Perbaps the wost common wse of the comcept of
garallel universe in science fickion is the concept of hyperspace. Yse
he soience fiotion convept of hyperspace sften refers to a pavallel
universe that oan be used as o quick shortent for interstellar and
infergalactic tvavel. Nodels for this form of Hyperspace vary
locations i the wap of the wultiverse, provide diffevent points of
entry and exit in o pavallel universe of space travelers throngh varions
portals. Travel tiwe between two poinks within the wultiverse of
hyperspace is much shorter than the time o travel to similar Hems
our other universes. ‘This may be due to different vates of transition,
at diffevent speeds, whereby the conrse of Hime to develop, ov to the
similar fm}s i hyperspace wultiverse shwply distribated wore
olosely to one another. Sometimes Hypevspace is used to demote
additional Higher dimensions. In this wodel, i is belicved that Hhe
universe can be built in some higher spatial dimensions and that
traveling in this higher spatial dimensions of o spaceship is not o
problem to move great distances in overall dimensions. While this idea
relies on new dimensions, it is not an exawple of a pavallel universe ov
ansther type of reality. s true scientifically plausible use of
hyperspace and time to its comprehension and decoding. While pavallel
universe can be nsed by Hhe onuce}ff of byperspace, the natuve of
parallel universe sften not investigated and its physical laws ave not
established. Since general rvelativity and quantum Hheory ave giant
worlds for onrselves, not surprisingly, to unite these two theories in
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building larger and unifying theory physicists ave provided wany new
effects, the wain awong thew is hyperdimensional spacetime. By way
of construckion of the theory pb{siofsfs give a crystal clear
explanation of such huge wmathematival concepts such as non-Enclidean
geometry, Kaluza-Klein theory and supevgravity, the everyday tools of
quantum and stving Hheorist. Some of the pioneers in the field of
superstring theory, Which states that the main components of onr
universe are mot quarks, protons and electrons but mnch smaller
entities called strings ov supevstvings that vibrate and imteract in fen
dimensions of Hhe hyperspace Whose Vibrations in diffevent vesonances
ocour in elementary particles. After the field the writer of science
fiotion or sconltist to b{ evspace Was vecently shown o be the only
kind of spave in Which Ze laws of wodern physics can be explained
sotisfactorily and comprebensively. Awasingly enough, wany of the
phengmena  Whose  explanations ave prevented physicists and
onsmnlnffsfs can now be fully undevstood with +he belp of ten and
eloven dimensions fncluded fn hyperspace, and elegantly presented by
supsrgravity, superstving theory and supersymmerry. Multiverse
theory suggests Hhe existence of parallel wniverses, just like onr
universe  and others with varions fandawental laws. Al Hhese
universes are connected Via hyperspace. Indeed, they branch off from
ours, and our universe is branched off from the ofber pavallel
universes.  Within  these parallel  universes, the actions and
wanifestations in life have had diffevent vesults from Hhose we know.
Species that are extinet in onr universe Have evolved and adapted in
others. In sther wniverses, we Humans may have disappeared and are
replaced by o completely unkmown species. The Hhought hoggles the
wind and yet, i is stll understandable. Notions of pavalle] universes
or dimensions Hhat vesewble onr own Have appeared in Works of
seience fiction and have been used as exElanaﬁnus for wetaphysics,
for o Fbysﬁoisf this is o disaster possibly visk bis future career,
presenting Hhe theory of pavallel universes and realities. A significant
breakthrough was the defeat of common sense sver Hheories of four
dimensions and the victery of the theory of Bygerfapace n the
identification and examination of higher dimensions of spacetime. The
Heories have besn studied including various fundawental dimensions.
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The Truth Encoded in the Mulverse

Btring theory recognizes the huge mumber of decisions describing
membrane universes With different physical propecties. There is
angther approach that can be followed and take ns to exceptional
vesults. The dea is to use our theoretival model of +he wultiverse +s
Frécﬁn} nahiral constants fov which we expect to be weasuved in our
ocal region of the maltiverse, Hf constants vary from one universe to
ansther pavallel membrane, Hheiv values can not be predicted with
certainty, but we can shll make statistical predictions. We can draw
frow theory values of constants, which probably can be measuved by o
typical ghserver i the muliverse. Therefore, the forvcast assumes
Hhat such valuss should be shserved in sur local part of Hhe muttiverse.
Multiverse sffers o very appropriate and possible explanations for
many of the anique observations we have wade on onr own niverse.
Some of these multiverse wodels are science-ups for decades, while
others are fust starting to gain traction in onr fwagination and follow
the development of science. Today physicists argue that this problem
moving ideas like the multiverse from physics to metaphysics, from
the world of science with Hhis of philosophy. Some Hhegretical
physivists say about Hheiv avea Hhat needs colder consideration, Hhe
need for havd evidence and worry about where the lack of evidence
Iads to ervoncous wodels or hypstheses. Avcording to the theory of
garaliel worlds, the emergence of infelligent design in our wniverse is
b% vesult of fundawental blocks that ave collected, combined and
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wansally confignred finely life and suolution of onr wniverse, and such
processes scour in the billions of ofber universes living i hyperspaoe
oonstructing Hhe multiverse.

The Baby Universes M Higher-Dimensional Models with Ghost
Membranes

The behavior of baby universes has been an hwportant imgredient in
understanding and quantifying the supergravity, supevstring Hheory
and  equivalently the higher-dimensional wembrane wodels of
supergravity conpled to waher and other special fundamental
interactions. The proposed vesolution present the picture that if one
includes avbitrarily bfgb grder {nlynumialﬁ of the superfields there
are infinitely wany states of o buby universe provided one allows #
to be arbitrarily large. T?e wain idea of the baby wniverse theory is
Hhat our aniverse can split into discomnected pieces due to quantum
gravity effects. Baby aniverses created from Hhe pavent universe can
carry from particle or shring interactions, or some n’rger combinations
of particles and fields, unless it is forbidden by the comservation
laws. The strong robustness of the baby universe theory feads the
thought towards the idea of the vandom dynawics of the wewbranes
Hat fundamental physics seews With vandom construction, Recently o
new logk on quanbuon gravity and coswelogy has aHrvacted o lot of
research interest which created the haby universe thesry. The baby
universe is norwally o swall closed universe Which liberates itself
from the bigger parent umiverse. A baby wniverse is defined as o
simply connected vegion of Hhe spacetime surface whose boundury
length is wch swaller than the root of s area in higher-dimensional
cutved superspace. This definition is weant +s caphuve, in purely
intrinsic terms, the Phuitive pichire of a baby universe as an
membrane like vegion of Hhe higher-dimensional surface aHached to it
by a small neck. The thickness of a neck will be defined as the length
of the loop located ot the thinnest point of the neck. Thus, to
determine the thickness we need to identify, given « closed loop on Hhe
spacetime surface encivoling the neck of o baby universe, where the
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length of this loop becomes o winimum. The fivst corvection to the
theory stoucture comes from configurations where Hhe parent universe
splits into tws by creating the new baby wwiverse. The parent universe
still ends wp carvying charges corresponding to the membranes on
which it 1?a(( originally. The physivists find fgaf the non-perhurbative
quantum terws and interactions can be nggan?;ec( into a sum over babhy
universes With new exclusive feabures, They find that half of baby
universes preserbe one set of superoharges and Hhe other Half
preserve o different set. As a onnﬁecﬁueuoe, the total universe is not
in the curvent state, but i is stll stable since diffevent bab
universes are spatially disjoint in the hyperspace. In particular, all
these universes are dual to o single sapersymmetrio theory of the
mewbranes i the Hypevspace of the parallel universes. The mext
leading oorrection comes from the configurations with three different
universes, Where the seoond umiverses splits of Hhe baby universe.
Genevalising Hhis to the baby umiverse expansion, Was fnterpreted i
the theory as a squared of o wave funchion i the quantized
superspace given as a coperent superposition of paby universes. The
membrane chavges are distvibuted among the baby universes in such a
way that the total charges ave conserved. Otherwise, no entanglement
awong the universes is found in Hhis case, and all Hhe states allowed
by the chavge conservation ave summed with the same weight within a
seotor of o given number of baby universes.

Quantuw Cosmology with J}aﬂ Universes

Recently o new loosk on quanbum gravity and cosmology has attvacted
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a lot of research interest which created the baby unmiverse theory.
The haby universe is novmally o swall closed wwiverse which
liberates self from the Bigdger pavent universe. A baby universe is
defined as a shwply commected vegion of the spacetime surface whose
poundary length is wuch smaller than the root of Hs area i
higher-dimensional ourved falli{él‘fapabe‘ This definition is weant to
oaphire, in purely infrinsic terms, the mhiitive picture of o baby
universe as an membrane Iike vegion of Hhe higher-dimensional surface
aHached to i by a swall neck. The thickness of a neck will pe defined
as the length of the loop located o Hhe Hhinnest point of the neck.
Thus, to determing the thickness we need o identify, given o closed
losp on the spacetime surface enciveling Hhe neck of o baby umiverse,
where Hhe length of this loop becomes a minfmum. ‘The baby universes
are  small universes, spawned by the universe, usually Hhrough
wormbsles in Hhe different Hegretival approaches to quantum gravity
and coswology. The formalisw, to the extent that i is well defined,
allows for each universe to have different values for the iteraction
ooupling constants, and is one of Hhe ideas that led to the development
of the convept of wultiverse in quantum ocosmology. One feature
inperent in that wodel is that the emission of o paby wniverse always
requires non-conservation of bave energy in the parvent universe. This
non-conservation does not lead to any drastic consequences i the
quantum gravity wodel and in particnlar, e vate of emission of baby
universe is finite in the liwit of infinite size of the parent umiverse.
The analysis of the previons vesearch in the field can be
straightforwardly generalised to the case where the pavent universe
splits into diffevent baby wniverses. The cosmolegists have omited
the diserete shifts i the b{ﬁfﬁfa of aquantum cosmology for
Tmrlioﬁy* It is casy to see fxa this corresponds to the following
pattern of baby universe creation where initially we hHave one baby
universe With membranes along resgeemely* Then, this splits inte two
universes, the general state one interact with wembranes and another
anti-states with the wembranes of baby universes. In creaﬁn? o new,
third baby umiverse, the universe With charge just created splits into
two baby wniverses, one with the wembranes which is n anti-state in
%bz byperspace reality. The theoretioal physicists study dquanbum
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entanglements of baby universes which appear i the quantum
oorrections to Hhe formule for the entvopy of extvemal black holes i
superstring theory compactified on the local supermanifold defined as
the weotor bundle over an  avbitrary gemus Higher-dimensional
spacetime surface. Non-perhurbative terms can be organized into o
sum over contributions frow baby wniverses, and the total wave
function is theiv coberent superposition in the quantized superspace.
We find Hhat half of the universes preserve one set of supercharges
while the sther half preserve o different set, making the total baby
universe stable. There ave no other sonvee of entanglewent of paby
universes, and all possible states are superposed With Hhe equal
weight. Gencralizing 1his o the baby universe expansion, Was
inferpreted in the theory as o squared of the wave function in the
quantum cosmology given as a  coberent superpssition of baby
universes, ‘The membrane charges are distributed among the baby
universes i sweh a way that the total charges are conserved.
Otherwise, ng etﬁan?lemenf awong the wniverses is found in this case,
and ol the states allowed by the charge conservation are summed with
e sawe weight within a sector of o given mumber of baby umiverses.
The many universe system in quantum coswology can desoribe either o
wultiverse wade up of pavent universes or the spacetime landscape
formed by popping baby universes.

Supergravity Tbenr of Baby Universes

Al the states in the baby wniverses are supersymmelric with
interesting fundamental interactions of the supergravity wultiplet and

~77~



different types of superstrings. However, by the same token, Hhe
mirvor  baby universe preserVes opposite  supersymmetry with
anti-states in the superwanifold. Since the baby universes are
disconnected, the entive configuration is shll stable. The lvcal vegion
of baby univeres i the bhyperspace is a mon-compact supermanifold
which is the total superspace of the sum on two lime gange bundles
over Hhe hyperspace for sowe local fundamental intevactions. However,
one fmportant feature present in hygher-dimensional supergravity is
wissing in the simplest supevstring model. We find that bave encrgy is
not conserved in the bigher-dimensional wodels due to the emission of
baby wniverses, and that Hhe probability of Hhis provess is finite even
for local distvibution of matter i the parvent universe. We present o
soenaris suggesting that the non-conservation of bare encrgy way be
consistent with the locality of the baby wniverse emission process in
the bigher-dimensions and the existence of the long ranged dilaton ficld
whese souroe s pare encrgy. This scenario involves the gencration of
supergravity inferactions i the parent universe. ‘The localization is
due to supergravity with the supersymmetvy preserved by either
wembranes depends on Hheir position on Hhe supermanifold, and the
anti-membranes on one pole preserve the same sapersymmetry as the
wembranes on Hhe second pole. In a baby universe, the superstring
interaction came abont from swmming over Hhe membrane states, and
the anti-topological one over the anti-membrawe states comstruched
from the bigher-dimensional supergravity. Equall{y well, the baby
universes of the preceding section cam, under his new physical
interpretation of the relevant wathematics, be nsed to mvestigate
finite volume wniverses with boundary, The bulk of the fpbysfoal
universe now lies i the vange ,and we deduce the existence of a large
olass of stable baby universes with boundary, and an equally lavge
olass of unstable baby universes that either collapse to singularity, ov
explode o provide avbitvarily large uwwiverses. Note that these
partionlar exploding universes in supergravity are quanfum universes,
and ave not suitable cosmolsgies for our own wniverse. There is a
specific trick Hhat olarifies the sitnation with baby universes in the
theory. Take the supermanifold with membrane houndary and wake
seoond  ocopy, then sew the twe wanifolds together along Hheiv
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respeotive wewbrane boundaries, creating a single wanifold without
boundary that contains o wewbrane, and exhibits the supersywmetry
on reflection avound the wembrane. Beovanse this new supermanifold is
a perfectly reasonable with the boundary supermanifold containing o
membrane Which is the baby universe, the gravitational superfield can
be analysed using the nsual formalisw of ﬁuger?ramy theory in
higher-dimensional ourved spacetime. I} ensures that Hhe supevgravity
computation in the ourvent equations matohes with the gauge Hheory
computation of the curvent nteraction where we only count the
quanbum bound states of Ba6¥ aniverses With Wrapping of the cnrved
superspace. In summary for the supergravity vase, all of these baby
universes, Which were investigated within Hhe supergravity community
wore With o view to undevstanding the limitakions of the Hheory
than in the exgeo’mﬁun that they aoﬁmllf/ exist tn veality, are now
seen to antomatically Be part and paveel of the wewbrane wodels
ourvently being consideved as Hhe phensmenslogival models of onrrent
empirical veality.

—

Baby Universes in $uperg’rfng ‘Theory

The long standing issue of the possible vole of topology changing
transitions and baby universes way be noturally discussed in the
superstring  theovetical  framework. The special  feabuve of
higher-dimensions which is useful for the study of baby wniverses is
Hat some wodels adnit Hheir nterpretation as superstring Hesties in
higher dimensional target superspace. The researchers consider the
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simplest fundamental state of the pavent wniverse, which can be
inferpreted as containing just two dressed mater particles, and
analyse the emission of baby wniverses by this state in the lowest
order of superstring perturbation Heory. They find Hhat this emission
always oocnrs With won-conservation of enmergy of wather in Hhe
bigibemﬁmensfnnal pavent universe and then proceed to the explicit
oalenlation of Hhe emission rate. Surprisingly, the scientists find Hhat
the rate is unsuppressed even for localized disteibution of watrer in
the pavent umiverse, in spite of the long range field this matter
produces. Then conclude by presenting a scemario showing that the
non-conservation of bave encrgy of watter way be consistent both with
Iocality of the emission process and with the presence of long vanged
field where in this soenario, the mass is conserved of the expense of
the genoration of supevgravity fileds due to Hhe ewission of o baby
universe. The pavent universe in the higher-dimensional state can emit
a baby wwiverse which is a umiverse with swall em’?y of watter
particles where o nfinite-dimensional langnage this process
oorresponds to Hhe emission of o low lying superstring state indo the
infinite-dimensional superspace. In Hhat case the emission of o low
lying state wonld not necessarily vequive the change of Hhe level of the
heavy superstving. In ofher words, Hhe emission of o baby universe
wonld not necessarily vequive non-conservation of bave energy in the
bfgibexu dimensions. The ewission of o baby universe always sconrs
with non-conservation of the higher-dimensional bare encrgy of matter
in the pavent universe. Making nse of Hhe gange for the constonction
of quantum states, we consideved ot the very fine quanbum level the
simplest state of the pavent umiverse Hhat contains ome left-moving
and one vight-moving dreéssed water particles with large quanbum waye
mmbers where Hhe collisions of these particles may eventnally induce
the emission of baby wniverses. If the velevant quanhim mumbers of
the baby universe higher-dimensional momenta of the superstving arve
lavge ennugb, the emission process is local i the parent universe. The
results find  that bave energy is  mot  conserved i Hhe
highev-dimensional models due to fge ewfssion of baby universes, and
that the probability of this process is finite even for local
t(%smbuﬁnn of matter in the pavent universe. The present scemario
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su? esting that the non-conservation of bare encrgy way be oonsistent
3 the locality of the baby umiverse ewission process in the
pigher-dimensions and the existence of Hhe long ranged dilaton field
whose source is bave energy. This scenario imvelves the generation of
supergravity and superstvings fnteractions in the pavent universe. For
the actnal calonlation of the vate of the emission of o baby wniverse
with low-lying supersiving states by a pavent universe with excited
superstving in the state *ge physicists explicitly consider the emission
of o tachyon, althongh the amalysis plus the curvent results as the
same for the emission of Hhe supevgravity graviting filed and
diffevent supevstvings in the baby umiverses. The emission of o baby
universe due to the collision of the bfgibemﬁmensfnnal superfields with
wave numbers has a chanoe to be local if the characteristio conformal
time of the process of emission. To address this issue, more vefined
wode! than that of closed superstrings in oritical dimensions, is
needed for Hhe cveation of superstrings wodels of baby universes. A
partionlarly the higher-dimensional model where the wass of water
fields produces long vange effects, is the fau#)erfgranﬁy with matter
that has been widely disonssed from the point of view of black hole
and Wormbole physios. Here we take o different aHitude and consider
the ewission of baby universes, so we simplify the model as wuch as
possible. In particular, we set the number of watter fields and i has
been argned that the emission of baby superstvings shonld lead to the
loss of quantum coberence for Hhe universal shserver ot Hhe pavent
superstring. Independently, it has been avgued on general grounds that
the energy mon-conservation is inevitable in wodifications of quantum
mechanios allowing for the loss of quantum ocobherence. Henmce, the
emission of the ?Tﬂbar-cﬁmensfnnal baby universe by o parent universe
has an interpretation from the infinite-dimensional point of view as
the emission of o light superstring stake by o bhighly excited
superstring state, i complete amalogy to Hhe ourrent gbservations.
This process, in the leading order of string peviurbation Heory, is
tractable both qualitatively and quantitatively in particular, one is
able to analyse whether i is aoeumgmﬁe(( by non-conssrvation of bare
gnergy i BTﬂber dimensions and whether iHs rate is large unsuppressed
péuf when baby wniverses ave emithed locally in bigher-dimensional
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parent universe. This provides o conorete realization, Wwithin
superstving thesry, of effects that can be fnterpreted as the creation
of baby universes.
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eﬁrane Models Ffb BHaby merﬁeﬁ

The membranes can form the quanbum bound states with membranes
wrapping i the configuration superspoe, In the supergravity theor
the quantum bound states of these objects is compnted by the full
supersymmetric intevaction of the membrane theory vefers o the faot
that the sevs wodes corvesponding to center of wass wotion of the
membranes are vemoved in f?e super trace of baby universes. The
ourvent research show Hhat these are also o consequence of charge
oonservation, this time for charges of Hhe non-compact membrames
that can form the quantum bound states with the other types of
nmembranes. These are also o consequence of Hhe non-compactness of
the supermanifold, becanse they ocovvespond to having different
poundary conditions of infinity of the byperspace. Note fivst of aoll
Hhat the net memﬁrt}ne charge is conserved when the haby universes

Iit, elegantly create the wembranes and anti-membranes along with
the participation in hyperspace. Moreover, even Hhongh in the first
universe We have both the types of membrames, the effective
nmembrane oharge of either is positive. Correspondingly, Hhe twus kinds
of wembranes are wuhually fnferact with themselves. The summed
disovete pavameters Hhat shift the supevsymmetric woduli in the baby
universes arve defined with the langnage of the hyperspace of pavallel
uélmrsem The wembranes arve Wrapping the bonndary of the
$2-



biibemﬁemns?nnal superspace on the spacetime surface divection and
extending in the twe divections of Hhe fiber in the higher-dimensional
ontved spacetime. The pant amplitude vequives specifying Hhree
representations, corresponding to boundary conditions on the three
pichures for the baby umiverses. More precisely, ot ¢ach punchure for
each baby universe, we Will get as many open supersiving wodnli as
Here are the wewbranes, in this case infinitely many baby universes.
However, only the center of mass degree of fveedom will get fixed by
the wembrane charge, as Hhe differences behween the holomorphic
$llrél‘maﬁffﬂl(($ ending on Varions wembranes have sers interseotion
with the gaugs bundle of the states i local Pndevaction. There
factorization of the onrrent quantum interaction Was o consequence of
Iocalization of wembranes and anti-wembranes to +he poles of the
supermanifold i o mear borison geometvy of the black holes in
N-thesry compactification on the spacetime superwanifold. ‘The
Iocalizakion is due to supersymmwetry, the supergravity inferactions
preserved by either mewbranes depends on theiv position in the
byperspace, and the anti-membrames on one pole preserve the same
supsrsymmetey as the mewbranes on the ofher pole. In the baby
universe, the topslogical supevstring fumction cawe about from
summing over wembrane states, and fge anti-topslogical one ouer the
anti-wewbrane states. Going frow the standart to an anki-baby
universe these assignments should natuvally flfr, as the wembranes
and anti-membranes get exchanged. This exacHy leads to the exchange
of the local qauntum states and interactions we have seen above in fge
baby wniverses. In particular, note that the charges of the membranes
need o be of the same sign for the membranes to be wutually interact
with the different quantum states. With wore than one universe, Hhis
struchure is duplicated, setting the supersymmetric chavges o sero
which imduoes covvelations pehween Hhe different vector states of the
ourrent baby wniverses. The charges of these wembranes mn all the
universes have to add wp to sevo, just as i the parent umiverse, and
this induoces oorrelations. In the curvent case of shdy, these
wewbranes and ocorrelations associated to them were absent, as Hhey
would violate Hhe higher-dimensional symmetry of the base spacetime
surface, Noreover the theory find that no other sonvee of correlations



petween diffevent baby universes, for any higher-dimensional manifold.

- x

The Ghost Nembranes of HBaby Yniverses

The ghost wembranes are pairwise intevachions between the tops of
the ff per-dimensional seas in hyperspace, with the fundamental
inferactions between the chival and anti-chival amplitudes of the
quanbim states in different baby universes. Suppose We just oreated
a baby wniverse, so the local hypevspace in the multiverse increased
B{ one new parallel universe. I Hhe new baby unmiverse is i general
state and effective membrane charge in i is of the form, Hhe ghost
mewbranes in i are along the fibers of the spacetime. Thus, the ghost
mewbranes ave alung{ the line iauge pundle where the wembranes wonld
have been in the wultiverse. Its interaction with the pavent universes
depends only on whebher they ave in geneval ov anti-state in the
bypevspace. The special ghost wembranes ave a new phenomenon, as
they appear only when we have two or wore parallel universes in the
maltiverse. The sapevgravity ntevaction s defined with the creation
of the top in Hhe vight-hand side is the topological wperﬁfrfngffunoﬁun
of the Intevaction with msertions of imdefinite number of the ghost
membranes along the other higher-dimensional supermanifolds. A
pavent state universe, one of the superwanifold oviginal snes, has
ghost membranes along the higher-dimensional interackion just like the
baby universe. The pavent universe gensrates baby universes by the
membrane pair creation, and baby universes are covvelated by
conservation of the wembrane oharges under the process. If the
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gareu% is i anti-state, the ghost wembranes are along Hhese lines of
he inferaction process. This suggests the following mberpretation for
baby wmiverses with Hhe ghost wembranes of the theory. Before the
soientists considered baby universes, and in defining the fundawental
interaction of the wembranes, they had o choice of the boundary
oonditions at infinity on the wembranes. The vesearchers picked the
pundle along the fibers to be flak, the only simgularities of the bundle
coming from membranes Wrapping the higher-dimensional surface and
the membranes hound to thew. Another feature is presence of o new
type of ghost wembranes in addition to fusertions of membranes that
oorrelate Hhe veotor fields in the superwanifold we find yet ansther
set of the 3?05& membranes Hhat corvelate the veotor superspace
awong tHhemselves. I huons ont Hhat these corvelations also have Hheiv
ovigin in a conserved charge: nawely the charge of the non-compact
membrangs mrapphn? the fibers over the higher-dimensional surface.
The large factorization of the black hole fanction I{ruc(uoes topological
string partition fanction on the supermanifold, but with Mmsertions of
additional  ghost wembranes. ‘The ibnsf wembranes feneraﬂ
correlations  between  the  fteractions e  different
supermembranes. Subsequently, i Was shown that the fnsertions of
ghost membranes have o dual olosed supersmng interpretation. We
oan in principle pick any choice of boundary conditions of infinity Hhat
is consistent with the symwmetry of supermanifold we used to compute
the interaction which in particular we can pick boundavy conditions
oorresponding to Having membrames af wrapping the fibers above
points on the spacetime surface. This has exactly Hhe same effect as
placing wembranes there of charges ot lavge representation wonld
factorize inbo two independent vepresentations, so this does not
introduce any additional correlations hebween the cohival and Hhe
anti-chival mglﬁntfm However, the charge dependence of this would
fook like indvoducing  ghost wewbranes along the  fibers
higher-dimensional spacetime wrapped by the wembrames wheve i
wonld look precisely like the fsertions of the ghost wewbranes. From
the closed superstring perspective, these ghost membranes alse
correspond to turning on Hhe supevsymmetric deforwations of the
olosed superstring geswetry, but fgese have their ovigin already in Hhe
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quanbum deformations of Hhe wembranes, namely in furwing on charges
of the ghost wemwbranss. The explanation of the ghost membrane
oorrelations is then the original baby universe corvesponds to infinite
wembranes along in the bigher-dimensional ourved superspace With
teivial boundary oconditions of imfinity plis without non-compact
wewbrane  charge i Hhe  quantum  states.  Furthermore,  for
oonfignvations with wultiple uwniverses, another set of ghost
membranes appears Hhat mtroduce correlations between the diffevent
quantum states. At the next step the new baby universe is created
with the units of wembrane charge along the faubpersymmefm
inferaction, but alse carvying some mon-compact wembrane charge.
Their oharge is canceled by creating non-compact membranes in the
tws older universes. ‘The veason the obarges appear pairwise
conserved fs that the ghost membranes connecting ome wniverse with
two others ave not insevted ot coincident points in the superspace, put
at diffevent points in the local sector of Hhe hyperspace. Sinoe they
ave inserted of different poinks i is natural that the charges appear
vonserved only gafrwﬁse* In general, the amplitudes ave independent of
the location of the ghost wembranes on the higher-dimensional surface
with other wembranes, as long as these do not coincide, The behavionr
of baby universes has been an important ingvedient in understanding
and quantifying non-cvitical superstving Hheory and e}uﬂ:alenﬂy Hhe
wodels  of bfgbemﬁmenfﬁnual supergravity ooupled to  water
inferactions. ‘The thesvetival physivists consider +he shmplest
fundamental state of the parent universe, which can be inferpreted as
oontaining just twe dressed watter particles, and analyse the emission
of baby umiverses by this state i the lowest ovder of supevsirin

Hesry, They find that 1his  emission always oscours mﬁ%
non-conservation of encrgy of watker in the higher-dimensional pavent
universe and then proceed o the exfpl?oﬁ calenlation of the emission
rate. $urprisingly, the researchers find that the vate is unsuppressed
even for luoalf?ec( distribution of water in the parvent universe, in
spite of the long vamge field this watter produces. The theory
oonclude by presenting o scenario showing Hhat the non-conservation of
pare encrgy of watter way be consistent both with locality of the
emission provess and With Hhe presence of long ranged field wheve in
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this soenario, the mass is conserved ot Hhe expense of Hhe generation
of supergravity fields due to the emission of o baby wniverse. This
gives rise to an extvemely interesting possibilities velated +o the
principles of theoretical physics and i particnlar of quantum
oosmology. ‘The wost popular approach to the cosmological constant
grnﬁlem is based on the possibility that even if one starts with ome
opologically connected aniverse, later on many new baby universes ave
oveated from the oviginal one due to quantum funnel?ng* This idea is
very interesting and it way prove o be very productive by the
standard Jore of the theory of tunmeling with the universe production
is pased on the general approach tv quantum cosmology. We develop a
stochastic approach o the theory of %unuelﬁl$ with the baby universe
formation. ‘This wethod is applied also to Hhe theory of creakion of the
baby universe in a laboratory. The theory of baby universes nsed o
simple generalization of the approach to describe the probability of
the universe formation in o labovatory ot high encrgy interactions. We
oonld then ocomceive of o ceaseless process of cveation of Haby
universes that could take place even of the very latest stages of
development of the part of the universe Hhat surrounds ns. As for the
possibility o create the universe i o labsvatory, onr estimates
indicate that one would need o very exceptional high-encrgy laboratory
for quantum gravity. Of conrse, one may just consider fge problem of
the universe creation as an interesting thesvetical problem o Hhink
apout in a spare time, but if the universe creation is entively useless,
one way find other intevesting problems to solve in Hhe near future.
Therefore it seems that Hhe only way o send a message to Hhose whe
will live in the universe we are glauufng to create is to encoypt it into
the ]:rnperﬁefa of the vacuum state of the new universe connected to
the laws of Hhe low-energy physics. Hopefully, one way achieve it by
ohoosing a proper combination of temperature, pressuve and external
fields, whioh would lead to creation of the universe in o desivable
phase state. The baby universe formation way lead to fmportant
wodifications of the properties of quanbuw vacuww state. I is not
obvions Hhat the simple physical picture evident in superstving wodel
of infimite muwber of umiverses ocan be exivapolated to the four
dimensional case. In superstving theory, tHhere exists a natural cansal
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stouchure of the infinite-dimensional supevspace. I is not clear
whether such o stouchare is inberent i the superspace of the
pigher-dimensional theory. However, it is feasible that the notion of
baby universes propagating in superspace, which was crucial for our
disoussion with some of the known examples of supergravity solutions
in diverse dimensions describe the baby universes that branch of f and
Hhen evolve non-trivially i Hheir inbrinsic tiwe, These way be
candidates for baby wniverses travelling in the Higher-dimensional
superspace. Finally, let us point ont that understanding, in the context
on the }beur{, of processes involving baby universes wmay be of
interest for Hhe solutions of the problems in supersfrf:i theory,
view of suggestions that baby universes may become mmportant part at
the latest stages of the supergravity and superstving theory
oonstructions.

Multiverse Theory and ‘ThHe Membrame Models of Parallel
Uniyerses

The universe in Which we live can not be just one. In fack, our wniverse
may be just ome of an infinite nwmber of wmiverses comprising
aneruoﬁn? and building the wultiverse. Nodern Hheories of physics
give rise to Hhe idea of wultiple universes in which there are nearly
identical versions of the known universe. Some proponents of the
Hheory say they have found real physical evidenoe of the existence of
the wultiverse. Theoretical physivists working on the curvent wodel of
inflation and how this leads to the island wniverses say Hhat Hhe
evidence of parallel worlds is encoded i our space. The theory of
inflation explain some stherwise m{ﬁ}ermﬁ feabures of the big bang,
which just had to be admitbed in the constouckion of the Hheory. He
alss wade o mumber of testable predichions, which then were
spectacularly confirmed by observations. Mkl now, inflation Has
pecome Hhe leading cosmological paradigm. Another key aspect of the
new Worldview comes from steing theory, Which is now our best
candidate for the fundamental theory of wature exploving and
desceibing all natural inferactions, Steing theory recsgnizes He huge
mmber of decisions desoribing membrane universes with different
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physical properties. According to the Hheory of parvallel worlds, he
emergence of indelligent design in our wniverse is the veswlt of
fundawental blocks that are oollected, combined and wamally
oonfigured finely Iife and cvslution of onr uwniverse, and such
processes scour in the billions of ofher universes living i hyperspave
oonstructing Hhe multiverse.

Supergravity Theory and Parvalle] Universes

Supergravity is o field theory, including through itevacting gange
transtormations of lar&ge mumbers of superfields. It is onrrently %ge
wost promising candidate for quantum %rmfy that combines the
principles of supersymmetry and general relabivity, The eleventh
dimension is the waximuw dimension i which we ocan realize
supsrsymmelry i ferms of o ovdinary supergravity thesry. The
Heory Hself regarded wembrane wodels and allows the existence of
parallel universes. The theory of supergravity used and explore an
extra dimensions in s Hheoretioal framework, The extra dimensions
are spaces in the universe that we can not perceive With our senses.
Supergravity chavacterized universe constoucted by eleven space-Hime
dimensions, and includes models characterized by different mmbers of
dimensions. Supergravity is comparatively beautiful Hhesry that has
long existed it the shadow of su erg}rfn% theory as a nn?fy%
universal theory. 3111)81‘1@1‘@:?*}' posits that the universe consists o

eleven dimensions. For the eleventh dimension is assumed Hhat tHhere
ooexist arions mwewbranes which ave wodels of pavallel umiverses.
Supergravity thesries i various dimensions mnowadays play an
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important vole as low-energy effective field theory of superstving and
membrane wodels. W-theory and eleven dimensional supergravity alse
grecﬁc} ohjects called supsrmembranes, AHernative cosmelogival
peory Ts commected with Hhe idea that we lwe o ome of these
wembranes. The vequivewents of supersymmetric wembranes mean
that eleven weasuring the waximum supersymmetvic Hheory and
supergravity is preferved over s lower wersions of spacetime
dimensions. ‘The supermembranes ave bypothetical objects that live
and build eleven dimensional theory of supergravity and construct
interactions spreading in e supergravity background. fn theory
oonstrncted snccessive mteractions of wembrane and wultiplets of
mater, vepresenting wanifolds of superfields. I has been shown Hhat
low ¢nergy vibrations of the superwembrane wateh all superficlds in
eloven dimensional supergravity weasurement. As the vibrations of o
supsrwembrane with endless energy can weet every particle i the
universe is possible to fterpret f%af the supermembrane constrncted
universe, Which weans everything that exists is one fundamental
supermembrane. We exist in Hhis supermembrane imoluding eleven
dimensional space-time. Any state of watter in the universe meets the
sulfermemﬁraue and gvery event in the aniverse weets and corvesponds
with the volume of Hhe surermemﬁrane, The Fm}mrfance of the concept
of parallel universe can be understood by analysing the consequences
of supergravity fbenr{‘ This theory can explain the theory of
everything, Hhe weak nature of gravity, Himing and hig bang singularity.
Al Hese Hhesries have been one of the greatest unsolved wysteries of
physics that concept of parallel umiverses can explapn. The convept of
garallel wniverses explains supergravity, superstring theovy, the
heory of wembrane models and eleven dimensions Hhat are part of our
physical veality. ANl these theorvies led to the theory of cverything,
and this theory gives the veason why we exist in this unique universe,
Stuing theory says that matter and all the fundamental particles of
nature are made by invisible strings that vibrate like strings and this
fssue is present in ten dimensions. OF Hhese ten dimensions, Hwe is
the fourth dimension, and the vewaiming nime dimensions ave spatial
dimensions that we humans can not peroeive throngh onr senses and
sensations. ‘The membrane theory extends this notion and says Hhat
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onr physical reality consists of cleven dimensions and eleventh
dimension §s the supergravity. The wain superstrings are Woven into
the wembrane and those supersfﬁng}s are distributed in eleven
dimensions. Therefore, the membrane theory or M-theory says that
our universe is a membrane. These mwembranes are parallel 1o each
other and create o sevies of pavallel universes. This Hhesry has
several fmportant implications becanse it explains many mysteries of
nature. One of Hhe wain examples of such secrets, which conld explain
its weak matuve of gravity. Ome of the consequences of M-theory
suggests Hhat gravity way be leaking from o pavallel universe i our
wewbrane or membrane way be that gravity is not an inberent feature
of our wniverse. Parallel universes also defy the general idea Hhat Hhe
time begins with the Big Bang. This is the wost important dimension
than spatial dimensions. Thanks to the wodern Hheory of supergravity
which Holds gravitine superpariners particles of the gravitational
field. N-theory Have an infinite mumber of particles with diffevent
masses and alss way explain supergravity in eleventh dimension with
the belp of wassless particles. Membranes Have shown  Hhat
self-consistent in eleven dimensions and fnteract wonderful. There are
five ways to reduce the eleven dimensional N-theory to ten dimensions
which bronght five supersiring thesries. N-theory deeply combines ten
and eleven dimensional physics into a single theory whose low-encrgy
Iimit is the beantiful and exceptional theory of supergravity.
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Superstring Theory and Pavallel Universes

Multiverse of o somewhat diffevent kind envisaged in the supersiving
Heory and its higher and elegant extension M-Hheory, These Hheories
require the presemoe of ten ov eleven spacetime diwensions
respectively, The additional six ov seven dimensions oan either be
compacted fnto o very small scale, ov onr umiverse way simply be
Iocalized i +he dynamic and expanding supermembrane. This spens Hhe
possibility that ofher wewbranes that conld support ofher universes
parallel to onr swn, ‘This is unlike the universes fn quantum wultiverse,
but these conoepts can work simultancously and elegantly complement,
Based on N-theory, which is achually o web of theories, ecach
individual component or theory describes o natural phenswenon within
a cerfain vange of Hhe scale. When Hhese scales overlap, diffevent
Heories agree and everything fits, However, where instouments do not
overlap, different theories desoribe some phenomena that ocould be
imvolved ov disvupt Hheory tries to explain the mulhiverse. Given this
proposed network of rbysfoql Hheories web of options valled M&bear{,
giving the probability of the existence of otber universes with
completely different laws of nabure. Physicists refer to Hhesretioal
subquantumw level called stoing theory o answer anything velated +o
parallel realities. Something beautiful and amasing in Hself is the
reason that Hhrough Hheoretical classes and tests Hhese Hyeoretical
physicists alse veashed the oonclusion that there ave parallel
universes, String theory says that the basic building blocks of
watter, and of oll notural forces in the wniverse exist in the
subquantumw level up +he watter ond fndevact with gravity. Building
blocks oalled superstvings vesewble tiny vibrating filawents or
flagella stuips of fabric that make up Hhe quantum pavticles of very
finely fundamental lovel. Presamably, the fa%rio is created by strings
and her wamner of behavior depends on the vibradion of these
supersirings, According o supersiring theory, ocomposition and
distribution of the fundamwental interactions ave performed in eleven
different dimensions and  build our enbive universe. Like the
wany-worlds Heory, superstring theory shows Hhat there are pavallel
universes, Aoourtﬁu% to the Hheory, onr universe is like o bubble Hhat
exists alongside similar parallel wniverses. Unlike many-worlds Hheory,
-§2-



supers{rfn% theory suggests that those universes cam come fnto
contact with each sther and mteract gracefully. String theory says
that gravity can flow between Hhese parallel universes and serves as a
tool to communicate with Hhew. When Hhese universes imteract happens
Iﬁgl pang, like the one that created our universe and fallg ests that the
maltiverse permanently in place such processes. In fe process of
development of soience, physicists weve engaged in veverse engincering
the universe - they Have studied what they conld observe and work
pack towards smaller and swaller levels of physical world. Thus,
Ebyﬁofsfs try to veach the final theory and the most basic level of

nowledge about our world. Abont dealing with string Hheory hope will
serve as o basis for andevstanding everything else and will spen the
door to parallel realities.

Membrane Thesry and Brane Cosmology

The time of fruth came and went onr inquisitive veader intg the world
of the wultiverse where onv universe coexist with sther wembranes,
other pavallel aniverses. In fack, there way be an infinite mumber of
membrane universes, cach With completely different laws of physivs.
A key featuve of the wultiverse is velated o physivs, called
membrane theory sv brame vosmology. The membranes enable a whole
new vange of possibilties in the field of physics of extva dimensions,
as the garﬁnles with their quantum fields Tiwited fo the membrang will
inferact throngh varions fundamental laws of o parallel wniverse.
Protons, electrons, quarks, oll Kinds of elewentary particles can be
gl%ecf onto the membrane and fully establish Hs constitution. By
,9 pu



removing the superstring in the closed systew of Hhe wembrame and
replacing them with quantized fields located in the cnvvature of onv
wewbrane caused py vibration of Hhe strings of water, we eliminate
the need to vely on the wisvepresentation abont pavallel universes to
explain the laws of nature i theiv wnique and finished form. Our
universe is an elegant oveation, even if included physics and
mwathematics is turning out to be wore complex Hhan we can appeal or
an spporhunity like this. Simplicity required to adwit that the wost
likely solution is a wembrane with gravity, not only o comnsotion
petween vandomly generated supermembranes. Lavge explosions will
happen all the Hime and so Will be born new wembranes. I there is an
infinite mumber of universes, then there is an infinite number of Hmes
in which two drivers collided to create a big bang just like that
oreated our universe, the exact same physical laws with the same
sequence of events from the woment of ocveation. Multiverse of o
somewhat different kind envisaged in the expansion sf supevgravity,
superstring theory, membrane theory, which are elegant components of
N-thesry. In NW-theory our universe and offers are created by
oollisions behween membranes i eleven dimensional space-tme. Wnlike
quanbom aniverses i the wultiverse, these universes ocan Have
oompletely different laws of physics - everything can be possible and
happening provesses and events in them which we can not even imagine.
Mechanisms to limit the particles and foroes cansed by some
fundamental particles associated with wembrane not apply o the
gravitational fntevaction. Gravity, the Hheory wust necessarily exist
in the full geometry of space-tiwe fmoluded m tHhe wembrane.
Furthermore, o consistent gravitational theory requives graviton
particle that medintes gravity and transports must be comnected to o
power source, Wwhether that source is limited to mewbrane or not.
Graviton shonld also be there in Hhe region encompassing the complete
geometry of bigher dimensions - a vegion which may include sources of
energy in this space. There is a theoretical explanation why the
?ﬂm on not adhere to cach membrane and this is related to string
hegry. The graviton is associated with a closed stving, and gnly open
stvings can be anchored and stabilized wewbrane, Varisus elementary
particles, moluding superstrings form and stick to the wembrane, but
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Hhe Eruﬁlew would arise if {?gber dimensions are invisible o us, of
least i conventional ways to verify the theory. In fact wembrane
theory allows for the consideration of many different imbernal spaces
in hyperspace, as wueh as o huge muwber of different parallel
universes exist, irberact and swim i the maltiverse with its own
special set of laws of natuve and diffevent physics. In the wembrane
theory our universe and others are the vesult of collisions between
membranes in eleven dimensional space-time. Unlike quantum anfverses
in the wultiverse membrane umiverses can have completely different
laws of p?ysfos, i no Jimit and anything is possible, ? the theory can
realize all Hhe possibilities of Hheiv existence and fundamental nature.

Conclusion

In this popular research report, we have o Visiowm for different
Hheoretival developments on the fundamental wembrane Hhesries in Hhe
higher dimensional onrved spacetime I the  curvent fssne of
superwanifolds based on the supevspaces plus their participation in
tHhe byperipqwe of the multiverse, where swim, interact and live with
extrewme fundamental  developwent of these wembrane pavallel
universes. The deep velation between supersiving  Heory and the
higher dimensional supergravity provides o basis to comjechive the
existence of o theory that similavly completes the supergravity
constructions in Hhe various fundawental wembrane models. Indeed, it
was long expected that fundawental wembranes play o vole analogons
to the one that superstvings play i completing ten and eleven
dimensional supergravities. This idea was further stimulated by the
disoovery that when compactifying eleven dimensional supergravity,
mra}; ed wembranes naturally furn it the fundamental supersirings
of g’e Hpes HA and 1D superstving theories. While it Has not
achually proved possible to quantise fundamental wembrames and
derive eleven dimensional supergravity from thew, i was argued via
duality that there is o consistent theoretical completion of Hhe
pigher-dimensional supergravities and that stable membranes are an
impsrtant part of this exoeptional Hheory. The wajor pussle i
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N-theory Has been to understand which, if any, of is degrees
of freedom plays Hhe gemeval fundamental vole analogons to that of
the fundamental superstrings in the fundamental wembranes. ‘This is
at least partially answered by noticing that when M-Ahesry turns fnto
type 1LA superstring thesry upon compactifying a spatial dimension,
the membrane of M-theory wrapped on this dimension can be identificd
with the fundamental superstrings. In this sense the wembrane
appears o be  the wost fundawental ohject o M-thesry,
providing vemewed justification for earlier aﬁemjg%s to treat it Hhus.
One mwust however be very vareful about this Mterpretation becanse
while quantisation and scattering are well-understood perturbatively
for the fundamental superstrings, theve is no simple analogne for the
varfons wembrames i W-thesry. The ke{y cature of wodern
superstring Hheory is the dynamics of wultiple wembranes in the
bypers]?aoe, whivh are desoribed by the end points of open and closed
superstrings. This description provides a great deal of insight into
the worlduolume dynamics of the wembranes, which is described by
fawiliar classes of dgaug}[e thesries angwented by bhigher-derivative
oorrections. It shonld not come as a surprise that the dynamios of
waltiple  wembranes §s  wmore complex thaw that of wultiple
supersymmetric fundamental wembranes. {n paralle] With sur limited
understanding of everything else abont N-Hheory, velatively IitHe has
been  known about the Jé?l’ééfa of freedom localised on Hhese
fundamental wewbranss, In the last few years, however, considerable
progress has been wade v understanding the interacting field theory
on multiple membranes n N-theory. We note that there Have heen
varions attempts to divectly define an eleven-dimensional quantum
theory of gravity imvolving exceptional supermembranes. The fivst,
well before  the nawe M-theory was ooined, aimed to quantise
wembranes as one does fov superstvings. However this was later
found to be fraught with difficulties. A later definition fnvolyed
reducing the degrees of freedow to those of watrices living on the
worldvolume of the wembranes i the so-called infinite womentumw
frame. There is o great deal of Iderature concerning o single,
quantum  supermembrane i eleven-dimensional supergravity Hheory
onglsh'uoﬁuns* This review camnot olaim to do Justioe to Hhis topic,
-9 -



rother we aim to give a review of veoent vesults concerning the
internal quanhim desoription of wultiple supermembranes in terms of
noyel b&}ﬂy supersymmetvic gange theories, analogons to Hhe vole of
Yang-Nills gange theories on the wembranes. Wsing Hhe results that
we have covered as a starting point, the wost urgent avea of
imvestigation is clearly the dymamics of mulfwle supermembranes,
Here we have surveyed some vecent progress in this divection but it
is likely that wach wore will come i the near fubure. There are of
oonrse wany ofber open questions within the vast and beautiful
struchire of the wodern wembrane theory, We Hope f{a% tHheir
resolution and extveme Heoretical framework will conkinne to benefit
the beautiful constrnctions with both fundamental wathematios and
Heoretical Iﬁ}'ﬁfﬂfn The physivs of fundamental supermembranes will
develop and reshaped the fundawental picture with the advanced

knowledge of the world in which we live and will extremely crsate the
neogﬁs}ry idea of onr waltiverse in the very near fubure for the
wankind,
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