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Warp Drive, Dark Energy, and the Manipulation of Extra
Dimensions

spacecralt propulsicn is necessary. It has been known and well tested since
the timve of Linstedn that all matter is restricted to motion at sublight velocities
(<< 3 x 10" m/s, the spead of Nght, or ¢), and that as matter approaches the
speed of light, s mass asymplotically approaches infinity. This mass increase

spacecraft remains staticaary inside this “warp bubble,” and the movement of
space Itsal! faciltates the relative motion of the spacecraft, The most
attractive feature of the warp drive is that the theory of relativity places no
Known restrictions on the motion of space Itseif, thus allowing for a
convenlent crcumvention of the speed of light barrier.

universe. Bocause a warp drive is not limited by the spead of Sight, one can

only gusss the top speeds such a technology might be capabie of achleving.
For the sake of argument, let’s consider the duration of trips 1aken by »
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Warp Drive, Dark Energy, and the Manipulation of Extra
Dimensions

Introduction

1f ome Is to realistically entertain the notion of Interstellar exploration i
timeframaes of & human Ifespan, a dramatic shift in the traditional spprosch to
spacecraft propulsion is necessary, It has been keown and well tested since
the tima of Einstein that all matter is restricted to motion at sublight velocitiss
(<< 3 x 10" /5, the spead of Bght, or ¢), 3nd that 35 matter approaches the
speed of Night, its mass asymptotically approaches Infinity. This mass increase
ensures that an infinite amount of energy would be necessary 10 travel al the
speed of Nght, and, thas, this speed is impossible 10 reach and represents an
absolute speed limit to all matter traveling through spacetime,

Even i an engine were desigaed that could propel a spacecrall to an
appreciable fraction of BeM speed, travel 1o even the closest stars would take
many docades in the frame of referance of an observer on Earth, Although
these lengtivy transit times would ned make interstellar exploration kmpossitle,
they would cartainky dampen the enthusiasm of governments or private
Individuals funding these missions. Alter all, a mission whose success Is
parhaps a cantury away wowld be diffice’t to justify, In recant years, however,
physicists have discovered two loopholes to Biastein’s ultimate speed Bmity

In some exotic way that sliows for faster-than-Sght (FTL) travel.

Essenbally, the wormbole involves connecting two potentially distant reglons
of space by » topologicel shorttut. Theoretically, one would enter the
wormhole and instantanecusly be transported to the exit located in a distant
reglon of space. Although no chservational gvidence of wormboles exists,
theorstically they can exist as a valid solution to general relativity.

The warp drive~the main focus this paper-—invelives 1ocal manipulatins of the
fabric of space in the immediate vidaky of a spacecralft. The basic idea Is to
create an asymmetsric bubble of space that is contracting in front of the
spacecralt while axganding behind it. Using this form of locomotion, the
spacecraft remains stationary inside this “warp bubble,” and the movement of
space itself facilitates the relative motion of the spacecraft. The most
atwractive feature of tha warp drive is that the theory of relativity places no
known restrictions en the motion of space itsed, thus allowing for a
convenient circumvention of the speed of light barrier,

An advanced aerospace platform incorporating warp drive technology weeld
profoundly alter the capadity to explore—and potentially to colonize—the
wniverse. Bacavse 3 warp deive is not Bmited by the speed of light, ene can
only guass the top speeds such 2 technology might be capable of achleving.
For the seke of argument, let's conalder the durstion of trips taken by a
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spacecraft capable of 100¢" for an array of exotic destinations of possible
interest. As Table 1 shows, trips to the planets within cur own solar system
would take howrs rathar than years, and journays te local star systam would
uwhmmmmammumm

Table 1. Transit Times 1o Varicus Exotic Destinations
M 100 Times the Speed of Light

‘,._W Transit Time
Mas 193 seconds
t_m L A6 mingtes
Neprune L4 hours
| Alpha Cencaun S doys
Epeicn Crdan 35 cdayw
LIhe Cvion Nebula A3 yeeny

Until recently, the warp drive wes 8 concept reserved for science Niction
MHowever, » 1994 paper by Miguel Alcudierre placed the Idea on a mare selid
thecratical footing. Alcublerre (Reference 1) demonstrated that a specific
Lorentzian manifold could be chosen that exhibited bubble-iike features
reminiscent of the warp drive from the popular Star Trek television series. The
bubble allowed for the surroending spacetione to move at FTL speeds, and the
Inhabitants of the bubble would feel No acceleration effects because spacotime
Itself would be In motion Instead of the spacecraf and its inhabitants.

A sumber of papers have emerged In recent years thal bulld on this origins
ides. However, these papers do not Lypically address how one might actually
reate the necessary spacetime bubble. Our own research divectly addresses
this question from & new and unique perspective and Introduces & novel
paradigen shift in the fledd of warp drive study (Reference 2). More formally,
our week spproaches the physics of warp drive from the perapective of
quantom field thecry; this diverges from the more traditissal approasch to
wap drives, which utilizes the physics of general relativity, One of the
Improvements the model introduces Is 3 dramatic redsction im the overall
energy required to create such a phentmenon,

The roadesag to this new dea was the observation that spacetime ks currently
known 10 be in a state of accelerated expamsion, as demonstrated by the
redshifting of gataxies, and the belief that If the mechanism for this expansion
couid be undarstood, then it might uitimately be contralled. A pogefar term
used by coamologists today is “dark energy,” en axotic and ubiguitous form of
energy that ls believed to constitute over 70 percent of the matter-energy
comtent of the universe (Reference 3-6). One salient feature of dark energy is
It Intrimgic ability to gonerate negative pressure, causing the fabric of space
to expand In the way that is currently observed (Referoncs 7).

" T gend, shde sttt arbiacy et The Sa0) et onr Ghlaay sl s i T e somsitle ¥
whut e Bacwvart S 10 s en (e spend of ' v
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Although we know what dark energy does, we do not yot fully uaderstand its
nature, Wae do net understand why It exists or how It s crested; we slmply
now it provides an ever-presamt force on spacetime, causing the universe to

high-redshift 30
have heen a source of high research activity of late owing to the unexpected
discovery that the rate of expansion of the universe is increasing (commonlty
referred 10 35 accelerated expansion).

One tantalizing aspect of dark energy Is that i it were fully understood, and ¥
2 techaology ware daveloped that could generate and harmess the exoctic
effects of dark energy on the fabric of space, then a warp deive would be one
step closer to technological reality. While a full understanding of the true
nature of dark anergy may be many years away, it ks entirely feasible that
experimental breakthroughs at the Large Hadron Collider or developments in
the fiedd of M-theory could load to a quantum leap In our understanding of this
unussal form of energy and parhaps help to direct technological iInnovaticns.

Our own research focuses on galning an understanding of the physical origin
of dark energy. By exploring novel Ideas at the forefront of theoretical

one it able to propose a physically viable model incorporating some of the
cutting-edge |deas emerging from string theory and guantum fleld theory. This
leads 1o a decper understanding of the possible eeigin of dark encrgy and
allows consideraticon of 2 mechanism that would allow a sefliciently advanced
tedhnology to control the dark esergy density im any reglon of space, and thus
the expansion of space. This work has clear implications for the advancemant
of warp drive research,

This paper Is structured as follows: Section 2 reviews the more traditiona
general relativistic warp deives, the energy required 10 careate them, and the
physics required to understand them. Section 3 discusses the cosmological
constant, a term featured in Einstein’s equation that regulates the contrattion
and expansion of the spacetime. Section 4 introdoces the Casimir energy,
whvich, under certaln conditicna, may be the phenconenon that physically
penerates the cosmologicsl constant. Section 5 discusaes higher dimensions in

In higher dimansions may in fact be the dark anorgy that is responsible for the
sccelerated axpansion of the universe. Section 7 relates all the provious
concepis logether and intreduces the movel warp drive paradigm. Section 8
performs ariginal calcsfations of The enelgy required 10 create & superiumingl
warp drive, Finally, the paper specviates about the technological progress that
would be necessary 10 turn this model into a reality.
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2. General Relativistic Warp Drives

Alcsbierre (Reference 1) derived 8 spacetimg st mothveted by cosmclogicel Bflatien
that allow arbErarby short travel tnes batweon two distant points in space. The
“wanp ML LS COSrAInaLes (L, X, ¥, ¥) 8nd Curve (OF meriding) x = 3 (1), ¥ =
0, 2% 0, hing In e 1-% plane SasENg Though the ongin. Note that x,, is the s-anis
CoSrdinate OSItion of the Mmaving spaceshin (or warp bubdle) frame. The metric'
speciying s particular spacetime geometry is (Reference 1):

e ol o [ (AN o i 0 0, @-1

whare ¢ s Bha speed of ight, v lr) Is the speed associeted with the curve (or marp
Dobbie sooed]), and relr) i the Cuchidean divtance from the Curve. The warp tubble
shape function f (re) I aay smocth posiive fusction that sataies f (0) = 3 and
Secraaes pway from the orign to varlsh when 7 > R for some Ostarce R, The
geomaetry of each spatial slice s S, and spacetime i Nat where [ (7,) vanishes but is
curved where It 00es not vanish,

Tha eriving mechanism of Egquation (2.1) s the York extringc Bme, 3, This guantty b
defined as (Reforence 1);

..-'L.‘L.’_. n.z’
A A

The 5 Behavior of the warp drive bubble
provides for the simullancous expansion
of 50008 Deling tha spacecrall and & !
cormesponding Contrachon of space H
front of the spacecraf. Fgure 1 Maalrotes

the 5 behavier of the warp deitve bubbie
Qeometry, Thuns the spocecralt Iy

erveliped within @ werp Butile and can 9
De Made Lo exIWi an arDErary tpe v
faster-than-Sght (FTL) speed (v > ¢} ]:
a3 viewed by axternal Cosrdirate w
olservers. Dves though the woridines y
Irsidhe the warp bubbie region are
spacetike for al exiorna! cbservers, the
mMoving ssaces™p (warp bubbie) frame
Rtyoll never travvels outside of s local
comaving Nght cone end thus does mot
violate special relativly, Figere L. Vark Betrinsie Tome (3] Pt

P A BDRCETDINE P [, O 0 B, K B LATRE e SWEaOe Tt Deliat iy Lap PONER e
PRENDNE TN 8 Sefvwd by i’ = G VO, e g B e ek Meaed ek iy 8 Aol Sies Dl owialies. e
Pty o apaewieme Bl g0 W e sl sberny crerdrale saparaton et weer tey powetn The (revs mdews (o
w = B 00 derone sontetrse aoondmanen. ¥ 0", e et o' 8" ¢« pace cooranetes a3« time Coordeetn
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2.1 WARP DRIVE REQUIREMENTS

Implementation of FTL imerstellar trirvel via warp deives requires engneerng of
SPICHUME Into very apeciaitnd local geomeinios a3 shown By Equation (2.1). The
anatysis of these via the general selatvanc Nedd equation phs he resuliant source
matter equations of state demonsirates INM such peometries reguire the use of
“engtic™ matter Ia order 50 produce the regquisite FTL spacetime madification, Exobic
matter is generally defined by geceral relativity (GR) physics 10 e matter that
possesses (forormaliind) aogative entrgy dendily and/or Regative SLAtis LoAsion (=
positive Sutward pressure, aiks gravitabional repuision ). The term & widely
misunderstood and misappbed by the non-GR community. Also, £ has Seen claimed
hat FTL spacetimes are not plausie Decouse exolic matler viokates the gesery!
mwvm’m.ummmnuowm

The energy donaity for the Acubierre (Reference 1) wirp deive that 8 derived from the

peneral refativiatic Neld equation Is compiex, 30 we Nstead use a more yimply formule

:Mumm;ummm Eovpe 10 DUl & warp Dubbie around & spacesbip
12):

- f“c'k'c

B [ (n
we(121210" el K0,

whore G s Newton's universal gravitation constant (6,673 « 1077 Nm'/g"), v is the

mergy 8 3 fenction of the “warp factor,” r.,.,. One can compare the values of A, n
the table with the (positive) rest-energy contained s the Sun (1,79 » 10* ), The
consequence of Egeation [2.3) and Table 2 Is that if one wanls 12 ravel a8 Byperfight
speeds, Uhen the werp Budbie energy raguirement will Be an enormous negative
namber. ANG this remans rus even If 0ne enginers 40 Seditrartly low SuBIgM soeed
warp bubbie. Engineering & warp drive Subbils is quite deunting given these results,

P s O WREE e B D e Gty S0 B N DD bt rmie- leriont of w0 st of At
LOAITOrA e pwt ol T gamcgion i 00 aw vaSmaly (aml Ta Wanlard” ey rdtume Weah §rmyy
Canttugs (R oy 5 €, pu 4 2 5 01, Wl Bty Cundios [NEC: oy » # ¥ 00, Dussanit Baryy Candiies (2EC),

~
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Table 2. Negative Energy Required for Warp Bubble

(Larger Negative Energy)
. Waep FAchSr. Yoy B 1)
[ 107 (=3 hes) 300 % W
10 0= 30 him's) «3.03 %
001 (= 3,000 b’y =303 % 10°
0.5 (= 150,000 hewy) ETTICA
T4 light speed) ~303 % 10"
2 (% G000 kow's) mETEICA
104= 3.0 10" km's) 303 x 107
100 = 1.0 x 19 knp's) ~3.05 x 10™

Aveme R Somu-We

Lebo and Vigser (Reference 12) corstructed an improved model of the warp drive
soacatiern by spplying inearloed gravity 8o Dhe waskc-Neld werp drive Case and tesling
Bhe energy conditions 10 Tt and socond orders of v, THe fundamental Bass of ther
model Iy thet It specifically Inciudes o fnle mass specmbip that interacts with the wa'p
Sutble, Their results vorfod that aV wmarp drive spacetimes viciale the energy
conditions and wil continue to 00 50 for arbitrarlly low wirp Bubbie speed. They alse
found that the energy condition violatians In this dass of spacetimes s generic 1o the
farm of the peometry under Consideratos and is Aot 2 side effect of the superfuming!
propartios. Rased on these acts plus Equation (2.3) ang Tabie 2, K appears that for 8
corncetvable laboralory aaperiments in which regative enoryy can be crested in mimte
AMOUNES, the marp bubble specd will Bo abturdly lom.

Coupling of the finite spaceship mass with the wirp Dulbie ieads 1o the (Quite
rexsonable) conditicn that the net total energy staced In the wirp Dubble Be less than
the 1ot rest-energy of the spaceshis Raell, which 2laced & SUrong COmrang Lpon the
({Omensioniess) speed of the warp bubble (Reference 3)!

~{f{a)

s!‘? unt’(-‘-’?-ﬁ)]: '

where Ma, and Ry, e the mass and sl of the spaceship, respectivaly, snd R & e
radies of the wirp budbie. Eguation {(2.4) Indicates hat for any reasonable values of
the enginoering parameters inside the Brackets, v, Wil be absuedly low. This fosul s
dur 1o the Intrinsc neninsarnty of the general relativistic Neld equation. To IBustrate
this poing, the example starship parameters from Table 2 (A = SOm, A ~ 1/s = 10" m)
are Nsented Into Eguetion (2.4) and essume M, = 10° kg to fad thet v, < 1.72»
107" {or £.36 « 10 mys). Garden snals can crawt faster Than this. And it R and AL,
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are kept constant, then A = 3,37 » 10™ en (or 3.57 « 10" ight-yeers) In order for 1, 5
1, which Is an unrealistic reguirement on the warp bubble desipn.

Decause this energy requirement is so phenomanaly high cne Ands it of patemount
Impartance to expiore new idoas W the Neld of marp drive technology, What now fotiows
15 & pedagogically rich raview of the novel warp Srive concapt thit we Narve Deen

developing since 2004,
3. The Cosmological Constant

Binstein s famous for » ulitude of achiovements In the foid of physics. Argualiy hia
moet notable contritution I3 the Goraral Theory of Ralativity, 8 geometrit destristion of
PrWRALON wrose Tundamenty' 1002 relates the matter and the energy Content of the
universe to the geametry of spacetime. Simply pet, the presence of matier and enargy
CAUSeS Spacetime S0 Curve, and this curvature controls how matier and energy move
through spacetive. Genersl relativity has been the prevaling theory of praveatios since
1915 and thus far Aas unamdiguously passed observational and experynentl tests. It
remaing an pltive ared of research aad technology Is sl being developed o test
certain features Of the theory. Gravitational waves, for exampie, are one predction
from GR; however, tachnology is only now reaching the s2age of maturity to allow for
the detection of Dhose maves.

3.1 EINSTEIN'S EQUATION AND THE INTRODUCTION OF A

Upon completon of GR, Enstein sppiied Mis theory 10 the entive universe, He firmily
beleved In Mach's printipie, and D only way D0 Satfy This was Lo asEame that space
I3 globally closed and hat the metric tensor should be detarmined uniguely from the
ooergy-momentum tensar [Reference 11), Mo alio sssurmed that the sniverse mas
A, which mat & roascoadie sumption ot tThe g Secaute obdervaticns!
arononyy had not advenced 10 3 level Bhet contradicted this in 1917, mhen
& static solution 50 his equations could not be found, he introduced the cosmaiogical

conatant A {Reference 14): 7

Bl

a,,--;-n,--;f'r, N ()

B I aqeation A, b the Riccl osrvelere taraor, & Is the Ricct curvatyre scaler, T, b
the stross-energy-momentum tensor,’ and g, is the spacetime metric. The left-hand
shde of Eguation (3.1) encades the Curviture I the geomelry of spacetime, and the
AON-hano side encodes the $ource of maller-energy That Curves spacetime.

The adOtion of A con Be understosd as & Lerm 5 the egquaton whikh alows one 00
Ofjust theoty 10 mabch obdarvation, [n Bntein's case, he chose o add A 10 ensure that
he soiverse was static and unchanging. In later years, he ofien referred 1o this
asmendiment 10 his egeations a4 Na “Siggedt Slunder.” Seversl yoars after CR had been
formudated, the stronomer Bdwin Mubdile dacovered the phanomenon of galectic
redshifting, which stroagly Indcated That the universe was ndeod expanding. This

Vs 0d Carinia
ST eviiten B ety vl R of § e Sounor Y ey el e h.
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theoretical grediction from GR was ignored by Einstein because of his bellef In 3 static
Universe,

Even Ihough Einstein retractod the adaition of A Ints e egustiond, It Is fiow kndwn 1hat
A does indeed play & robe and & typically Included i GR eguations. Dets from precise
ASUOROMICE ORGS VATICNS Srongly SLSOCH TAAT a0 exlremely Smal, yet non-2ere A 15 2
necessary feature of G and ks relpoastie for the expanson of the universe that s

From » physical perspective, A represents an isheren! energy denditly assoclaled with
enpty spade. One wiry 10 envivon Pas s 50 ke & perfectly Waulating box Imo deep
ACE, and than to remove all matier and ok energy fromm this dox 50 that it eacioses a
perfact vold. Even In this emptioess, 3 reskdual energy Neld wosld remaln, According 10
GR, the cffect of this would ba to cause the region of space to expand, abbell ot
8n exlremely small rete. To summanze, A IS & sbiquitows, ever present festure of
08¢0, And RN Prasence CAUSES SPACE 10 eapend.

In the late 19904 @ emerged that not ooly is the wniverse cxpanding, but the rale of
CXPANEOn 1s, W fact, Noreesing. Siace then, & had Decome more popular 1o refer 1o A
a3 dark anergy, and the remainder of DS pager will folow this Convesdion.

Although the role of dark enargy b extromedy well endenitood mathemeticaly, and in
the context of ity efects on spacetime, ity physical natere is 518 3 mystery, One tnoen
thet T s hamogeneows, not particularty dense, and that it does Aot interact with any of
the fundamental forces of nature. One 250 knows that | exerts Acgalive pressure on
spacetime, which explaing the abserved acosfierated expansion (Reference 1S, 14). As
thore is yet 10 3¢ 2 reasorabie espanation for the fusdamental origin of dark energy,
the s conuidered sericus and has boen tackied by & rpe number of emisest
8nd redpected physichts, Inchuding previous Nobel prire minners (Refaresce 17),

Bocouse dark energy & Intimately relied 1o The cxpanalon of Spade, And Because this
CXPAREiOn IS axactly the fature that would aliow for a warp drive to fusction, an
usderstanding of this mystarious energy i of paramount imporisnce in the
development of this novel propuisian technelagy.

4. Casimir Energy and the Quantum Vacuum

A cantral theme s this peger Iy the notion of the quantum vacuem. To & perticle
PRySOHt, the term “vacuum™ means the ground state of » quantum Neld In some
Suantum theory for matter, In goneryl, this ground state must abey Lorentz ivarance,
8% Jeast with regards 1o three spatial dimensions, mesning that the vacuem must look
dertical 1o ol obervers.

Al o8 grergies probed by experiments 10 dade, the universe s acourately described 25 2
set of guantem fields. To & noa-physicist » guantum fie'd may, a1 Mest, Be 3 strange
ConCept o prasp. This &5 decouse one gencrally Rkes 10 visudiue the thisgs one thinks
2ot for example, an eloctron and aven & photlos Provides somethiag cne can, &
some level, picture i one’s mings. Sioly put, & Quantum Neld is 8o Intangitie
Mathematic ORJECT whose Droperties ¢ I0ed I Cxpiaining nature. Thatwes have
reached such an advanced lovel that the familiar physical Images that one agprecites
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it 8o abandoned for more erudite mathematical comstructions which ace Detter
suted at descriding the buliding Blocks of nature (Reference 18-20).

¥ one takes the Founer ransform of a free guantum field, § oach mode of @ fixec
mavelength behaves Moe @ smple harmonic oscPtor, A geantum mechanical property
of a sismple harmaonic oscilator s that the grownd state exchibits 1ero-point Muctustion
&3 & consecuence of the Meliorborg Uncertainty Principle. One way 10 understand these
20PNt NuCtuations IS 10 imagne releasng 2 pendulum and watching as dissipetive
forced slowly bry to Bring the pendulem o & stop. The uncertainty priaciple would
erure that the penduluen was never able Lo come to & complats rest, but instead
woukd exhibi microscopic osciliations sround the eguiitrium postion Indefiritaly. OF
cocrse, for o real macroscopic pendulom, thede fluctualions wmould De mnscule and ¥l
Dt impossitie 10 detect, however, the analogy with a quamium Narmonic oscelator
holds wel, The erpectation value of the erergy associated with the ground state energy
of 2 guantum oscillator s

(e)= s M, (a1

I this formula ¢ 8nd b are the spoed of hght 800 Manti's reduted constant (1055 «
10°™ 14), respectively, and § i he mave-vector refated £o the momentym of the
Quantum fNels. One of the features of this ground state energy Is that the wave wecior
has an infnlie degree of freadom. Cearly this sum is dvergent, bowever, this is 3
commen feature of quantum Neld Iheory, 8nd an artdy of Mathematical Techngues
KACWN 85 renOrMAIZAlIoN exists 1O Sead with the Infinies that arise.

4.1 THE CASIMIR EFFECT

The quantem Puctuations of the votuum fickds give rise 10 3 number of phendmena:
however, one Is particulatly steiking. The Casimir Effect, which will Be explored in more
Getal In Ths paper, s arguably the most saliant srasifestation of the uantum vaduum.
In 1948, M. Casimir pobished & profound paper where he explained The vas der Waals
Interaction in terms of the tero-pont erergy of & Quantized Neld (Reference 19). In s
maat Saxic form, the Cosimiv EfMect it Is realzed throwgh the Interaction of 8 pav of
neutral paradel conducting plates (wth segarstion distance o). The preserce of t™e
piates modifies the Quantem vocuurmm, and this modiication causes the plates 1O be
pulied toward each Other with a force:

n' _
P o srrvermm 4.2
Mo “2)

This is 3 profound result in the sense that the origin of this force canadl be traced tack
0 one of the four fundamenta! forces of nature (gravity, electromagnetises, and the two
Mudiedr forces), Bul Is 2 force hat is enticely due o & modfication of the geantum
vacuum.

¥ By et sen maan Dt T Sl Sown 400 et s 48w Stin.
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[(Reference 23). The Caslenir effect s 8 purely guantum effect.
clectrodynamics the foroe between the plates 5 220, The ided! scenaric bocurs
at 760 SemMperdture when there are nd redl photans (only virtual photons) between the
plates; tws, & 5 the ground stade of the quantum slectrodynamic vacuem which |
causes the pttraction, The most importars festure of the Casimir effect s that even
tough & o perely Quattem n nature, I masifesls ILsel macroacopically. For example,
for two paraiel plates of ares 4 = 1 om’ separated by » distance of @ = | um the force
of atraction & F e 1.3 x 107 M. This force s cortainly withis the range of laSoriory

has
In

i
i
i

Typualy, the calcuiations of the erpectation value of the vacuum are diverpart.® so

e St thanry. anz an sy of Agenane 1ok W wied by o erract Amie v maenegfV et

o~
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In susmary, quantum Neld theory pradicts that the vacwum i an IMeriaced cobweb of
Quantum fNelds which are never steictly ot rest, and which exivb pero-point
Mectuations. These Muctuations give rise 0 real and messurable phenomenon, with the
Casienir effolt being the moat poigaart, It seems only natural 1o attormet te relate the
eas fram the prndious section reganding & Ubiguiloes dark erefgy Meld to this
Quantum vacwum energy. If & refstiomdip can be estadished, 0na woud te » step
choser Lo the tachnaiogical replzation of warp drive.

5. Extra Space Dimensions

In comnection with the Casimir offect, eutra gimensions proviae 3 rich arona for one 1o
mMNGMNMdMW. Tockaically spesiong, the

effoct s & direct comsoguence of the noorinvial bousdery condition thal e
presence of the (ONOCIING PRILES MPAsEs UPON T Cuantum vatuum. The quantum
modes on the interior region of the plates are restricted. and there is a pressure
Ofference when ComEaned Do Dhe QUAALLM YACUUM On Ihe estendr region of the plates.
It & ONs pressure Sfference that causes the places Lo attract.”

A vary similar pheaomeanon 10 the Casimir efect can 000U whan tThe Quantum vatwum
Wergy I evira space (dmengions are considered. The exploration of this idea has
=portant ramifications In the conteat of cxplaining dark ermrgy. Before one can
ddress these iSem It Is necessary 10 review the role of higher spece Simensions in

R was Riemann, with Ns development of differential geometry In the 15 century, who
provided e secesaary tooly 1o study Ngher dmensional doscrigbiona of the worid
(Reforence J6). Remann held the Bedef that J-Samanucnal spece was net enough 10
Provide an adeguale destriplion of sature. IMSrovemests in Piwsds jed 1o Maswell's

century manted to walfy gravity snd electromagnetism. The first sttompl wes by
Rordstrom n 1914, who waad & scalar potential for the graviiabionsd Neid. Later Wyl
nd Kakura, uling Dimtein's fensor potentad, folowed two separsle paths. Weyl's
BTOMER Ivvaived 2 alleration of the goomelry of spacetinne In fowr AMensons. His
carly pitemats Nad PRYECH COMOIUENCES which ¢id not match exparimental data,
However, WeyTs work was extonded by Dnsteln and Schrodinger ndependently n the
Uinstain-Schrodnger non-symmetric fiekd theory, which is widely regarded as the most
sdvarced snified Nels theory tased on classical physics.

5.1 KALUZA-KLEIN THEORY

In 1919 Katuza (Reference 27) ofiered 2 UnigUE APprOach LO L yWng Qravly and
CeCTOTAgIeAT whNch veoived 20ding an ad@tional spatial demenson o GR, and
pepuiating this extra cimension with twd mathematica! o focts cafled a vector potertial

A, and 8 scalar potential ¢, The ot elerment in this theory is ghven by:

'hmod““u“m.&hh«.nﬂwa—-w-‘-b
ot b ivgy Devant A B0 buaroe 8 vt rmseiagt o Yool
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o'« g g, A AR 200 Lty o O (5.4)

whare the Greok indices run frorm 0 10 ) (0 represents the Bme coordinato and 1,3 the
Space coondinates), and whare the higher dimension Is sxpressed waing v. The powers
o ¢ are selected for ater convenience. Upon solving Einstein’s equation in this higher

Smensional space sEing this metric, Kaluza was able to accurately regroduce both CR
g electromagnetic theory. However, The theory made an addticnal prediction which
mmmmmmmvnmm

T™he main fatlure of Xaluza's Wea, and an
ssue that caused Ensten 10 ceay his
endarsement of the paper Dy two yoars,
Mas the very obvious fact that we Clearly
st In Dvoe spatial Amensions and net
four. This lnsoe wmes tackied i 1926 oy
Osicar o (Reference 25), whe
sugoested That the 5 omension
compactifies, 30 35 10 have the geometry
o a circie of extremely small radivs. One
gy 82 envisage this addoral dimension
15 52 imagne » garden hose. It Is only
whon one magnities the image the
torcidal stractyre s visibie. From a ng
datance K boks Nk 3 1-dimensional Gne,
bt & CSdser apection reveals that every

POt on the Ine s, 1 fact, & Circle (se0
O
Figure 3 for an Sustration). Figure 3 Irdarral Bewiture of & Sonmingly

Wille Kakuza-a0ain (MX) theory s considend elegast In s simplicity, # & net without
probienms. One obvious S iticiem IS that the theory & noopredclive, i Lhat it does not
extend BEnftein's or Maxwel's theories, tul merely symmiesizes the farmalism within 2
new mathematical framework, A more senious orcivm regerds tha introdection of the
5" dimenion, Mmmﬂn. SO0 35 a0 prtificial comtruct Since our UNVaNg
hwdm

KK theory remained Lrgely ignored and was considered somewhat obscure for the fArst
hal! of the twantieth century, 35 were the speculations regarding additional spatial
dmensons. Nowever, WWUWMWOWMI»W

muummmdm.wm«m

Uniication & one of the main thames » the history of soence ang Is 2 guding arinciple
In thecretical physics. Countless examples exist mhere diverse and seeming'y uneiated
phenomend have Doen usderstood in terees of 3 small nomber of undertyng prncidies.
in he 19409, R was demonsirated Dhat Quastum Mmechanics and electromagnetiem

could b accurstely described Dy Quantum fiels thaary, d by the 19705 the weak and

* Inciusing e, of coune.
' ATt Gruvty B COMAMIVI Gl o ¢ Ty A e T TMRPENM Pyh GOy
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wmmwuwmm The £l thetey, called the
Model of particls physics, Is arguably the mest successful phrysical theory 1o

:

Desofle the suctesses of the Standand Model, iIncorporsting gravitationsl interactions
uling the methods of OFT has proven 5o be one of the most chalengng problems facing
theoretica! physics today. theory is carrenlly the Set Candhdale for & quanium

¢ meodtra Gmensions compactiied on & torvs with volume 7, - wr)",
o Standard Model Nelds are lccalized to the Srase,

+  Gravity can peopagate i the bulk,

*  There Is 80 cosmoiogical conitent in the bulk or on the Doundary.
+ The brane is iy,

The buik action for this model can be given by:

) i i
‘-";"‘;::‘, ~ (5.2)

whare g & he matrix determinant of the metric and the two tilde-quantities are the
440 Smersional Manck mass and Ricl scalar, respectivety. Dy integrating cut he
exurn Svensons, It is smpde 5 shew that:

TN A BT VL A = LAGT - 10T D o uaan eargy SCal et W sbamentany Berticle SRRl
Pk ergy VG » 30 o GUT ategy > W07 S (3 OWY - 3TN V)

10
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M, w2 f 8 (5.3

AL Is the Planck mass'? (in owr wsusl 4-dmensional spacetime) and » Is the sioe of the
CNlr3 SPATE dImersions. This re=arkabie resull NJCates AT the Pk scale is, In
fact, & QU Ky that is derived from » more fondamentsl Quantum gravity scale and
2050 the volume of the extre amensions. Physically, this implles that the graviton s
Gisted across the buk with » diminishad Intersection with the familiar 341 dimensional

i this type of mode! the sire of the Inernal space s of order 1/ and the affective
5
wms«-umh-wxo'{r (Reference 36, 37), Settng

the value of re Corresponding energy density egqual to the inown density of dark
Nergy, O Snds that the extra-Sementional radius is 7 ~ 10 7¢m. Similar resulls are
found In models with more compicated intermnal spoces. This Is an Important result in
the context of dimersianal manpulation.

Noto that extra dimensions that are accessitie to af the Starderd Model Neidy can alse
be resilted. These modols are know a3 Universal Extra Onersions (VED). In the case
Of rolert exporimental ConMtraints, & COmpattifcation scake 25 Jow as 1 TeV is allowed.

5.3 RANDALL SUNDRUM BRANE MODILS

The idea that the eniverse can be madeled 34 a [Mmem)brane existing in 2 higher
omensional DUk SPAcEtMe Tas received 3 MU INOoWNT of AtTenTion In recent years
(Raference J0-46). It s pomitie that the Srane energy Sermity affects the specet e
Curvature, and an approxdimation can be schisved By frat considering & model nhere
Drenes are located ot the two tnds of 8 periedic 5™ Gmension. To ersure stabilty of the
madel twd brntd are reguired 1o Salance the etk anergy. To get 8 stable metric, the
offects of the brane on the spucetime muat be compensated by 8 negative cosmologices
commtart In the Dk, Thes, the 5% dimension can be congidered # slice of Antl-deSitter
(A25)* space bounded by flat brases, End the price of keeping the Branes ff is 1o
Wroduce Curvature Wio the 5% dimension. Suth models are termed marped extra

T™he Randal-Sundrem (RS1) model (Referance 47, 43) proposes » novel gecmetnical
solution S0 the hlecarchy probless, The prodiem questions why gravity Is 5o
mch weaker than the weak force (which Is 10™ times stronger), and why the Miggs
boson is 50 much Bghter than the Manck mass. In the RSI setup, the Stancard Mode!
felds are row confined 10 one of two 3-branes which e at the endpoints [lLe , feed
paiens) of an 8' /2, orbifeid, ™ except for the Miges fleld. One of the brases physically
corresponds Lo “our” universe 8ad B somutises seferred 10 as the IR o “visitic™ brase.
The closer & Standerd Modet Ngld Is 10 the visiie braneg, the greator iy coupiing 1o the

o A1 TR

VAN ATV v v A 8 L (s ettt o Fa e Reehve b rurvanare be e of Ganere
Cararmvtp_ Foe M @ sohdmn b Eraten s el Qo on @dh on SVrarter cpwmmige ¥ Ooratant |
A 8711, corvenponds B 4 CFDU BRI SeTeneen sEN a0 SASSOne! Teewrenry e tow of pegecson B
DOOMAY W & Bante’ Of Doty SeTEnEOnE OO Ot 10 £ A0ATY Lh DMENAADCIRy "orEet’ Ol Dmals
PPe Ve i a7y wndeis alie Swin
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and therefore the greater the mass. The second brana 1 the UV o "hidden”
The line glement In RS1 &5 described by the metric:

B ey A <y (5.4)

reegs,
brave.

0 15 the metric tensor for the O-dimessionay Minkowskl spacetime, the AJS curvature
redius is gives By 14k and the interbrane seperstion iy piven By 7. The 5% dimension is

compactifiied on the orbifiold of length 3, where 2 < & < 2 The orbifold Nued polnts
RCated 81 o= 0 8nd 4= & corrmpond to the location of The viale and the hidden
D

The exponential facior is teferred 10 o5 the worp factor and is an appealing feature In
the RS1 model, 23 It can both generate a Tev mass scale from the Manck scale i the
higher dimensional theory and reduce the effective gravitational strength oa the visbie
brace throogh the suppression factar ¢ ™ white retalning 8 bulk mcith that is osly a
Ccouple of orders of magnitude adove the Manck scafe. In 208U 1o the stabilzation of
the intertrane separation, the guantum effacts from the bule Nelds (2 the Casimir
energy) Can Mo provide a mechanism for the generation of dark snergy on the viotie

5.4 EXTRA DIMENSION SUMMARY
ARhough there Is STl 80 Oredt evidence of extra spatial damensons, there s the

6. Dark Energy as a Higher Dimensional Artifact

As Sscussed eartier, Ihe vacuums of spacelione can be visvalkzed &5 2 sea of quantum
Nelds never fully 3¢ ret due 18 Ihe Helsenderg Untertanty Prmcipie. The csscilations of

osciRating slectron emits slectromagnetic gnengy, and in this way, there exits & ground
Siale energy BS5oCiated with spece Rael!, The vocuums potential for & periodic scalyr
feld in the ADD moced descriDed abowe Is given by (Reference <8-50)!

r S L (5] )

whare L i e smOmestum modes of the guantum Neids, X is the radus of the 5
Aimension, and w I the mass of tha fedd, The prime on the sumeration indcates the
o= 0term s excluded. The imegral aver the COMBUIUS MOMEMum mades of the
Quantum felds 5 Shvergent, 4 IS IHhe Infinie Semmation over The extra-dimensions KX

12
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modes; however, a5 mentioned earller, dimensionsl reguiarization (a form of
renormalization) can be used to extract a finite resuft. This equation éffers from
Equation (4.1) in that the quantum feld that we condider has Both mass and b Jegree
of freadom In tha Ngher dimension. Working with & scalar feld, the result can aler be
exiended srmply for the case of more phenomenciogically viabie fedds (fermions, for
cxample )

Our mn research fo0me8 LPOn EXPIorng @ New way to handie the infnlies arsing
from Bqeation (6.1), and after performing 8 movel regulanication it wes discovered that.

s\ !
P ) it (62

Qe = |

where (IS the Riemann peta fonction, and Ky 2arw) 5 the modifed Bessel function of
Ihe sacond kind, ARNough the summation s infinite, the function comwerges rapidly asd
0 2 ood approximation is obtained by performing the sum up to » = 10, Since
Oscoveriang Ths formeda, the resull agroes with derivations of this energy based on
:’;;-nm methods and s0 one i5 confNdent In tha valloity of Equation

i & relabvely straightiormard (o calcuiate the cortriButions 10 the vatuum anergy
density coming from each field In the Standerd Moded of particle physics. For examopie,
the electron s 3 andamercal guantum fleld whose sbiqutous ground state energy

hodedd 1
erergy density. In fact, ol Standad Model Nelds contridule 4 Nsite and calculatie
component 1o the oveall energy densly of space.

Equation (5.1) expresses the vatuum erergy densty for 2 periodic massive scalar fokd.
Using knowiedge of supersymmetry muftipiets it is possidie to enumerate this energy
for il Relds ccturrng in the Stasdard Model (Reference 49):

r‘-"’-""""’n

Fag )= 2 (1), 3
Also, kecwiodpe of The vaduum energy densty for & massiess Nelkd:

wil aliow one to fully articulate the enorgy densty of the vacuum in terms of the
bulding blocks of nature. This is exprassed algedraicaly as:
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!l_)'g"f' LT (6.5)

whoro the index / nuns over the spactrem of Standard Mocel fermicne. Lung Ecuntion
(€.5), and slight variations, we are abie to computationally Bulid & model mhich
damonatrates how the vacuum energy densty varies as & function of higher
amengional radius. Rt cannot be overstatod that » fub usderstanding of the vcuy™
stractyre Is of otical Importance when attempting to understand the nature of dark

POSEIDe 10 explove DeChAiOZIca pOssibinties [0 potestially IMake SPACe expand.

U Tah Aty v Vg e Svw 8l Dhe il Trygut e
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To summarize, the exatencs of dark enorgy may Se sttriduted to the combined efects
of vacuem Nuctuations In “nommal™ 3+ 1 déimensional spacetime plus Nigher imensional
comnibutions. If the model proves 1o be corredt, then deas extending o this

poradigm could provide one wilth ISLriguing cpportunities for technological intervention.

7. wal:p Drive and Higher Dimensional Manipulation

Bth our cen reRearc 8°d previoss work In Nghor cimensonal Casimir energy '’
demorstrote that the magritude of the vaduum energy Is Intimately refated S0 the sire
of the extra imension. Nore precisely, the smalier the extra dimension, the greater the
Caslonir energy (and vice verss: Ihe Bigoer an exlrd SMEnson, tThe smalier the Cammir
energy). In fact, the energy Is related to the radus of the highor dimension ralsed to
the fourth power, which maans that very smal changes 1 the radius of the extra
Srention generate &ramatic changes 10 the vacwum energy demally.

Prpere & Manges sted Patra Simarmion A v ¥casty advaw e R e e ]
WS Aot a0 o Srensior would e ate e OOAYy Adhar e TET STy A B Gt tepn o

What this means is thal ¥ an advenced tedhnology was abie 10 influence he radius of
an extra dimeasion, then & would acquire Ciroct control over dark energy, and hence
the expansion and cantraction of space tsel. As remendous & foal as tha may sound,
al this sarly stage in the resedrch € s one of 1he only viabie mechanisrms to penerste &
wip drive.

G v e eegy 3l Canmne s iy a9 08 00 LAed Mier Cenpiutly @ [N Mevetae
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& & worthmhile 10 exgend more on the concepd of wdat we mean Dy adusting the
rasius of the eatra Smension,

7.1 ADJUSTING HIGHER DIMENSIONS FOR PROPULSIONS

Fligure 4 snoudo 255151 T vISUNZA00n of what @ highar diwmarsional space might
ok Nog, In By 1-gmensional expmpie one can see that a7 points have an assaciates
higher demgmaion, Dng assumes that genersily the radus of the extre @imengion i3
Mand. [T is 1% Neod radus which generates the odsorved dark energy densty ard s
resporsbie for the homogeneily i the observed expansion of the uiverse.

¥ oo were o cally adjust the higher dimensiongd radius then the dark energy Senslty
wiuld oo change localy. More specifically, ¥ cne more 10 Adjust the racdus of the exira
AIMension I the drett wonty of & SOCotrait, then the datk energy derdily woud alse
Change ondy In the vidnRy of the spacedrallt, as would the expansion of space. It is
IrROrIATt 2L UNS PO 20 appreciate Lhat oVodady, the universe would conlirue 0
CEPINS Al e rade we Olserve L0day, DL that oaly In the SroximBy of The spacetrnt
woule SOMCE Do “irmuiated” 0 expand & some modifed rats.

Frgere B Artisl s Concaption of o Pulaniniie Warp Driwe Speceaefl By ke aldy sl afivg the sioe of Be oiny
WMLE ST 1O 204Ce TR 3 A5W 1D DANEMAS TN A EARETY wir] DUAEM OEMC IO BRaE T WO sfeed
[ &

Of courye, ovicus Questions present themssives. Can one rea by assume that o highor
Armension s Groular? Also, ¥ dirk snorgy b redponsiie for the sxpansion of space, can
WO 2550ME Thal T G SOMSROW De Ut 10 Coniract space, and not sl sxpand 7
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7.2 THE GEOMETRY OF EXTRA DIMENSIONS

To svtwer the it question, our most developed higher dimensional theory (M-theory)
works In seven adaitiona! spatial Smentions, The shape s bolleved 10 be what

mmammnuammmmmm
dimensianal models both refect the Never of the physics involived, and give accurate

ir

i aamgte, I e wONEy OF § DIACK Ao, & W\ T TR TRanants of T B Seng.
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mechanisen Is & that alows for s higher Space LO remain compact and stable? OF the

hand'sl of Bheories that attempt 1o anywer This prodlem, one iy partcularly appesiing
At 10 ity raturainess.

A recurring theme thoughowut This paper s Casmie energy. This energy s compeiing
Owe 10 The fact That It Is & natural feature Infrirald 1o the fadac of space tself. Casimr
energy In Ngher dimensions nat only offers the pramise of explaning the nature of dark
onergy, 85 CIsOussed In Brevious Sections, Dut Can 50 De wihzed as 2 mechanism 0
STAbEZe the compact extra dimension.

We have Olscovered In 0w resedsch that with & natural comination of felds, and @
Nrgle oot component, we are able 10 generste & stable extra Gmension (Reference
51, 33). The may to enderstand this is a3 follows: a3 merbioned sarfler, each Reid n
NAlure COMFISULES & componert 1o the ground state of the vacuurs (that is, the state of
miniTom enetgy of 3pace) dus 1o the vrtus Dartiche contrbutions. When this energy i
calouiated for the case of throe lrge and one compact Amenwon, coe discovers
hat thes erargy I8 & strong Sincticn of the sing of tha $° dmension.

0 our resensth, we summed The contribulions from all the known felds I Nature USNg
extensions of Equation (6.5). We discovered thatl with the adsiton of one addtona!
axctic Reld confned 1o euist in ondy the Sth dimensicn, 3 stabie Ngher dimensional
configuration mas found. Our mativations for the S3dtion of extrs exotic Nelds have &
srong shenomenciogical Soundation, and these cxotic Nelds been studied successully
in e content of explaining sofar neutring osdliations (Reference 54-56). A ful
discussion, however, is beyond the scope of this paper.

To understand woat Is meant by 2 stable Ngher @menstional configuration we refer to
Pigere 7, which is a plot Bustrating the vacusm snergy Somsity a8 o Snction of Righer

m:mmmmaummwmnmmm
densty of spacetine. ™ Wo have shown the comtrisutions 5o (e energy denalty comng
from the differont feids of the Standard Model, and alio the additiona! exotic field, The
overell anergy density s Hhustzated as & thick Black loe. The most important feature of
this graph s the MatherraTical misirum. A good physical andiogy here 5 1O Imagine
releasing 3 badl from e fav o of he Mack Ine: the bal would rof down the Ine and
become stk i the ouinimum. The ball becoming steck in this minimum is an excelent
aiogy 0 tha Symamics of the Righer gimension, which beging at some unstable state,
bat evoives o a stable configuraton.

W W eat = “somalaond” e
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Nigern & Paline Vaowwm Winime are Crasted Arsend 8 S000eraft. Thy offerest moumg o &
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The key 5o creating 2 marp drive Is to oreate 3 fakse vacuum minkmum, Le., %0 modi'y
the vacuum spectrum and Inject seme feld which creates » deSitter minkmum at the
rear of the oraft and an arti-deSitter misimum at the feont of the crafl. What this
requires is » techaoiogy That would allow ws B0 antificially manipuiace the Neld content
Bustrated in Figure 7, the Wocation of the muimum, [n this Basc
represontation, the would it In & sadie region of space corresponding 1o the
faturel minisums of the exira dmension. AL the front and rear of the cralt, regions of

19
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falve minima would be articlyly created via the adjustment of the extra dmensien
(sme Figure 8). These modifiod reg ors would COMespons to iIncreased and negative
Sark energy dendities, thus creatisg the marp bubbie previcusly discussed.

7.4 ELEMENTARY WARP DRIVE CALCULATIONS

”‘?- (2.3)

Thin formuls really eapresses the foundation of this novel warp drive concept: that 3
wefficiently advanced techmology with the abiRy to adjust the radius of the extra
@mersion ocally would be able to locally adjust the exparsion and contraction of
SPCAtME AT0UNS 8 SPaCeCrafl. TINS asymumetric expansion creates the warg bubdie
Sustrated in Figure 1. The spacecraft would 2ways move within &5 own lght cone ang
oy yw of special relativity. The passitélty that the Nigher
dhmprsional radius might very from glace to place has been expiored In the context of
Siing thetry (Reference 57], 00 45 15 & vald academik pursull. Howewer, £ has neve’
Defore boeon suggested that this might fecizale & new and exotic form of propulsion.

Equations (7.1) and (7.2) wsed together express 2 relabionship betweos the capansion
of space and the entrgy density of space. A suficient Increase i the energy Oensty of
SPo0e would generate & proportional incresse in the expanson of space. Thus calouete
of space that would be necessary S0 generate » local expansion of
mumw;mkwwdmwdlﬂwm

{
:
2
]

E

H 0™ N, (74)

whaere Ji, represans the madifNad Mubbie's constant, ang the subscripn « indicates that it
5 the Mubdie's corstant for the case of Ight speed expgansion. M must be Increased by
» loctor Of 10™ 10 achieve & local expansion of space egubvlent 18 the speed of Aght.

g
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conslant, an exprossion which characterioes the energy denslty of spoce,
Muwnchaordlo”.vmmmmvm&

o l‘ow (7.5)

ceIary
WPSOt @ stadle worp Baid. Howewer, ff & shell could Be produced that was mertly &
be reduced

.~

1
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Table 3. Negative Energy Required for Warp Dubble

WP F a0, Py B th
. 10 (= 3 km's) L0 % 10"
10 (= 30 k) =100 % 10
001 (= 3,000 kmv) 100 % 19
0.3 (= 150,000 hrvy) “250% |
| (= Ight speed) ~1.00 x 10~
2 (* GOD.000 kams 5) .00 % 107
10 (= 3.0 x 0’ km) 100 % 10
100(=30x 10 krwv) |  ~M(0x |

Upon comparing Tables 2 and 3, inmediately 0% Can see the dristic esergy reductions
that are spparent when 0% wies the dimensonal warp drive paradigm. The enefyy
rOQUIftrmonts are roduced by & factor of 10°, This energy 5 Based on & warp bubble
that encompasses 100 m' of spece. As ducussed carber, Ihis i 3 “worst case”™ sCenario,
and the energy requirements Could De further reduced, perhaps By many erders of
mageiiude, by wWiing the thin shell model Bustrated In Figwre 9,

These are, perhaps, the most krportant numernical ressity of this paper, 88 thay st an
upper Bmil 0 the energy rEQUINeMents NECESIaTY 1o generale & warp tutdle, and ano
02 Re eNargy reQuinements Necessary %0 SUIpass the spoes of Cven though this
osergy resuirement Iy & vast on the cakulations of Visser and Lobo, the
energhts are M far In excess of those avalable n the foresecable future.

Qe intoresting prospect to test this theory Is 20 consider the madmum energy density
that is achievable by modem technology, and to calcuiate the expansion of space that
this energy would generate, One could then conceivably contemplate » table-top
m-oﬁ. ¥ he rumders dlicwed. What foliows 15 8 descrigtion of haw tNs might

7.5 FUTURE EXPERIMENTS

AL ThiS 2ONE we takoe & diversion Into pure SpecUlation s 1o mhat technciogicsl
Sdvancements mary be necestary 10 Buld & device that might teat our dark energy
theory. One knows from the Friedmenn squations of cosmology that normal matter and
ceryy generate:

b oty
= o+ 3p), (7.6

where oI5 the so-Called coamological scale factor, p s the energy density and p s the
presaure. I one defines the quastity “« o' p%, one sees mmediately that an acoelerated
CAPANMOS of 1ORCetUme requires NOgAVe pressune. Curmently, ofl kromn matter &5d
eAergy penerale w > 1. however, dack onergy has w ~ -1, I it were pomitie to
technciogically croate dark anergy I the lab, then this would ansist with oor

2
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derstanding ond experimentation with warp drive technology. To unserstand how,
fest GiSCuss a0 200000y With energy » > 1,

m.wammmmm petamaty Lisers are being buikt and
mo’mm . 8bie to ganerate thort laser of
Mly» xo‘ with pesk focused power dengition of >> 107" w/m’, ang
erergy doralties of >> 10" ym. I 2 ware posaitie to constrict an cxotic Sevice
o energy output had w < 1, then using caloulations identical to those to generate
Tabie 3, & would seem straghtferwarnd 10 show that the esoryy density produted by #n
endlegous Gark energy laser would traralats Inf0 & locel expanvon of soace
COmEIponding 10 vy 10 or « 107 my's for avery maeter of space that the laver
travels. I may be possbie to comtruct an geperiment that could messure the modified
CAIBASIN of SPace Blong the length of such & leser o Lest the predictions of (NS paper.

7.6 THE DEVELOPMENT OF THE TECHNOLOGY

mlmmmmﬁhmmmmmm“l

of tachnalogical developments Dt may, 1 fact, be necessary In onder to allow
mwwm First, @ more complete uncerstanding of dark enargy s
of paramount Importance. As mentioned earter, dark energy contributes approvimately
70 percest of the owerall energy demity of he unkverse, and is responsidle for the
LAPeNsSion of spece. AS toe actubes deoper undersianding of this endrgy, atbempts 1o
gorerate dark onergy In The ad would no doult be & ciiCs comrpenent Lo & working
warnp Seive.

Other crucial deveiopments iaciude determining whether eatrs dimension are, In fact,
real. Onoe this has been determined with absoiute certainly, the roke of et
Smeraions end their relationshp with the universe that we are more familiar with wis
SECOMme & Mmore serous foows of scentiNe research and attention,

As has boen Gscussed, the stabiflzation of the extra dmensions and the accelerated
aapansion of the remaning fowr omensions can de reatzed vie the Casimir energy. The
acosieration of the 3-dmensional subspace Is & naturally aCCuTing phenamenon which
Scoury wihen the extry simensions are stabiined.

An rportant feature of the higher Gimensional mode Is the dependence of the cark
energy density on the site of the extra dimersions. Is models with Large estra
gimengions, the intoraction of the graviton KX tower with the Standard Model Nelds are
suporessod by the Nigher dmensiongl Manck scale asd the corresponding couplings are
nverse TeV in strength. This can Be seen more Cedrly whed we Consider the cxparsion
of the mesrnic tensor in models with large estrs dmensions computed within Snearized

gravity modeh:

[
RBom = O * TonTd A « 7

Where the Captal letter INaes INSiCate SUMation over the higher dimessions, M s
the madified Planck mass, g, Cresponds 10 Mat (Minkowshl) spacetive and A
corrmponds (o the dulk graviton fuctuations. The graviton interaction term i the
acticn Is expressed by:

2
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L. Tt"“ [ e 78

where 77 & the Ngher Smensional onergy-momentum tensor, The intersction of the
Sravilon with Ehe Sraviion JOC s2ates 3nd with the SM feids are OBLalned by Integrating
he ACUON Over the exlra cosrdinates. Bocause afl these stales ae COUDISD with the
univarsa! strangth 1706y this heads 0 the compeliing possbity of the comtrol of the sue
of the extre dimesdions by procesies &L energies Lhat will be accessidie via the partice
scteleratons of the near future. e coupling & extremely small, the effective
couping 8 eshanced by the large of KX stales

Raferring to igure 7, 3adrtional anergy In the form of matter or radiation with the Tev
energy sCals can aller the shape of the efective potential, In particular, the cxtroma
determining the size of the extra dimensicm are modified with the change of the
mmmmmmmmmm.mmmm

1n the ADO sode! Olsdussed 1 Section 5.2, the Stasdard Model Relds are conlined L0 »

3C
4 dimersiona’ brave and 8 sew gravity scale M, = G5 »» TeV s ntreduced in the D
w 4 +  donensions, where 4 15 the nember of estrd Simensons. TS is determines

QuUTE easfy By formming the higher Amenuonal action snd iMegratieg out the extsa
dimension,

The Atlas expeciment ot CERN'S Larpe Hadron Calider will have the copaditty 1o probe
D ADD type exlrd dimensions up 10 My ~ & TeV. Ia e Ransal Sundrum sconario, the
Merarchy s explained Dy the warp foctor in the AZSS bulk geometry. A lawer DOUNd Can
be placed 08 Uhe lowest KK mass by elecirowedh precsion Leits (masses on the order
of 1 TeV are aflawed). In the Universal Extrd Dimension scenano, Tevatron results
comtrain the compactication scale 1o AL- > 400 GeV, Because the Atles experiment
wil be seraltive to AL ~ ) TeV , the estimates in this section Indicete thet If natuce k5 n
Gt deacrbed by 000 of thess higher dimmntiondl scenacicy, then the addional
deversioma can De proted.

Tven morg exoting Is the possBiity that thelr sioe may e controlied of the enetpes
acomsaitie 1o e Lacge Madron Colider, When the Casionir enargy o play the role of
dark enargy I Inveived, one can see that the possibifty for the crect control of the
ocal dark energy deasity by controling the size of the addtonal dimensions s possibie.

8. Summary

The Med that p sulficenlly advanted technology may interact with, and scguive direct
control over, the Noher dumentions s & tantalsing posaitiity, and one that is moat
certalaly warthy of desper Invmtigation. Control of this higher dimensional spece may
S0 & scurce of technological control over the dark energy cenalty and could ulimately
play & role In the doweloprment of exctc propultion technologies. specfically, & wip

Of course, this may not Be actusiived unth many yesrs In the future, Sut comaider the
many fpectatuder phytical phenemens 1at are balioved (0 S trad AL Ethis early poiat In
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the 21" century. One Daleves DNt an energy Neld calied the Higos Doson permeates
oecutiong and that the inferaction of matter with this feld is whit s resgongibie for
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