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Traversable Wormholes, Stargates, and Negative Energy
I. Summary

Wum(m)mmmm
MMWNMWMWW
mwmm»mammmw
mdm,mmmmdmmu
mmmmma'wm.nmmmu
since swch matter violates the energy conditions, FTL spacetioves are not
MW,RNMMMMUQWMN

traversable wormholes based on Einstein's General Theory of Relativity
(published in uu).m“mmummad.
(mz)a»-ummumwdwm
mmmmmanmwmmmmnm
demm%hmmmm
Movmmummammwum
nwwmmmmmm
within Our universe or two different eniversas; they even connect different
dimensions and different times. Space travelers would enter ome side of the
tunnel and exit the other, passing through the throat the way. The
travelers would move at £ ¢ (¢ i the speed of light, 3 « 10" m/s) through the
wormhole and therefore not violate Special Relativity, but external observers
would view the travelers as traversing multi-lght-year distances through
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all of e universe’s facets and will need to continue o comstruct new

and techaology in ordar to verifty (or net) thess undiscovered
facets. Wormbholes can possass normal or backward (I special cases] motion
through time and nocmal or nonexistent gravitational stresses on space
travelers, and their entry/axit openings (o throats) are spharically shaped,
flat, cublc shaped, polyhedral shaped, genaric shaped, and so forth,

Why consider wormholes fer travel throwgh space, time, and other dimansions?
All standard space propulsion engineerning is based on Newton's three laws of

geneorating Mary

Proposed interstellar propulsion schemes based on a variety of nuclear (fission,
fusion, and pulsed) rockets, slectric (ion or plasma) rockets, matber
antimatter anmihilation rockets, solar oc laser salls, fusion or laser ramjets,
intersteflar }on sccops, beamed energy Dropulsion (sails, rockets, and ramjets),
and 30 Torth. Many of these modes either have been experimentally tested at
one time or another In our recent histery or remain as theccetical proposals,

w
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bt all are based on Newtonian mechanics. The limiting speed of space flight,
based on any of these modes, i the speed of light. It is important to point out
that for the interstellar travel application, Newtonian recket propulsion modes
suffer from snormass mass ratios > 10° - 10'™ (depending on the specific
impulse) for spacecraft crulse velocities > 0.05¢, Iif the travel time is
constraimed to within 100 years for a one-way Interstollar voyege. If the crulse
Mum»mm-rmm
retativistic speeds and thus reduces the one way travel time, then the mass
ratio increases (expomentiaily!). The mass ratio s the initial spacecraft mass
(momom)ummnmmm
m(mom)um'mwmmmm
that Newtonian rockels conskst mostly of propallant in oeder to progel the

Mﬂo”hMMMwﬂu
pecific iImpulse s & measure of rocket propulsion system efficiency: how
mech Impulse (thrust multiplied by time) is produced per wnit of mass of
propeilant expenditure. It is desired that rocket propulsion systems possess 3
very high specific impuise in order to reduce the mass ratio, and hance
propeilant mass requirement, Lo reasonabie lovels.

The non-traditional propulsion modes (salls, ramjets, beamed power, otc, )
Rave diffecent efficlencies and constraints, but they are all still dependent on
Newtonian mechanics, even though their mass ratio and specific impulse
characteristics are shightly improved over that of the traditional modes. Bot all
traditional and non-traditicas! propulsion modes come with a great cost le
intersteilar voyage travel time. Al non-relativistic and sub-relativistic Cruise
speeads, it will takn explocers saveral human lifetimas to reach stellar
destinations. At low relativistic to ultra-relativistic cruise speeds, the travel
tene will be reduced to hours, days, weeks, months, or years, Mowsver, M
these cruise spoeds, relativistic time dilation will kick im, and the returning
memmouwuucmummm
on Earth since their launch date and that their familles and culture no leager
m«.nmmnuummm-mum
mumwmmwwm
or specetime dimensions or universes.

The solution to this prodlem is 10 dapanse entirely with joag intersteilar
voyage times or the usdesirable owtcome of relativistic time dilation. Explorers
could deploy a wormhole-stargate near the Earth’s surface, in Carth’s orbit, or
anywhere in the solar system they like and just pass through the “stargate”™
and come out the other side In remote spacetame within seconds, moving

eMects. Explocers could travel through the wormhole-stargates in small scout
ships or send probes unencumbered by aithar anormows progeliant mass
ratios or extensive life support provisions. Effective travel time through the
Cosmic Neighborhood via stargates would become irrelevant but could be
estimated to be many times or thousands of times the speed of light. Explorers
could spend all day imvestigating the remote spacetime location and thes
return home through the stargete in time 10 have dimner with theis families. If
expiorers were to really push the envelope, they would design their stargste
$0 they could return from thelr voyage im tisse 10 wave goodbye to themselves

wh
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-Mmmmmmmm.munwm-
classical general relativity physics as » tima paradox issue. It is very sasy to
build 2 time machine, given & traversable wormhole, Bet time travel via
Mammwuum.munmmm
mmmuMMummmmm
both allows for and demands time travel in order to preserve self-consistency
ummmmmmmmmm.

mdmmmmwm
m&nthWwawm
muummmmmmmmmm-un
m—mmdmmmmmm
the use of “exotic” matter in order 1o produca the requisite FTL spacetime
modification. Exotic matter is generally defined by general relativity physics to
NWM’W(M)%WM(M
mw-mmmmmu
antigravity). This term is very misunderstood and misapplied by the non-
Mmm.mmmumun
Sofining what negative energy is and where it can be Tound In nature and by
reviewing the groposed exparimental concepls for generating negative energy
in the laboratery. In addition, # has been claimed that FTL spacetimes are not
plausdle because exotic matter violates the general relativistic energy
conditions. Mowever, this has been shown to be a spurious issue. The
identification, magnitude, and production of exotic matter are seen as hey
mmm.mmmmmu
challenge the notions of causality, and guantum effects allegadly place
comstraints on them. These Msuas are raviewed and summarized, and an
assassment on the present state of thair resclution is provided.
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11. A Brief Review of Transversable Wormholes and the
Stargate Solution

How does ene sTudy the physics of FTL spacetimes within the framawark of genesa
MM?MMWMNWMUMUQD
the general refativistic fedd equation, sdd some fonm of matier, make
assumptions, and then sofve to doduce what the grometry of spacetime witl bo.” THS s

set up this geometry. Then one needs 10 assess whether the requived distribution of
marier is physically reasonabiie andd whether it viclates any Sasic ruies of physics, eiC
mmmmmmmwwwm

A, TRAVERSABLE WORMHOLES

Traversabie wormhoies roprosent 4 dess of exact matric sciutions of the general
refotivistic Neld equation. The solutions are “geact” i the sense that no approIMnalions
regsining @ plethors of physcal sssumptions have to be made to derive the Jppropriate
spacetime geometry To define a watve Urversadie wormhoke ore noeds to Jefine the
Sesirabie PAWSIcHl requirements X s to have Is order to achieve the desired FTL raved
benefit. The desiod requirermonts are the fcliowing (Reference 1, J)-

o Travel Ueme through the wormhsle tusned or throst should be < 1 Yedr #s Seen by
both the travelers and dutside static chserven.

o Proper time as measured By travelers should not be cliated by relafivisthc efects.

o The gravitstional acceleration end Ugal-gravity accelerations between differert parts
of the travelery’ body showid be & 1 g (8 I the acoeleration of gravity near the
Earty's surface, 9.81 mVs’) when going through the woemihale.

« Travel speed through Ihe tunnel/theoat should be < ¢

o Travelers (made of ordinary matter) must Nt couple strongly 50 the materisl that
generates the wormbole curvature; the wormhbole must Do threaded by & vacuum
Wb through which the travelers Can Move.

o  There is 20 gvent horgon a the wonmhole throat.

A - N2 g A v Ol whw & 0 D Donen corvalans R,
E e Unis of " e Bey) sewr s, T 4 Te e sveryy
R Tenese (A Mt Geartily et senieies (he Sernatly sol fn Of 3 Rt IeLrORY Mhavgy At
st ), O W Rl b el Favarnon cometeet (B ATT « 3013 Ry ) and ¢ O pens of »
STt teTre, B relstas Viales DRl I Bely A 3 Funtatatos of e Eeetene carveted (G ) Mand Ty ¢
wn of marzee (7,0 The Groed mSom (a4 » = 0 1) dewie spasamme sommeten. bt weh Wl o, 0 -
somcy rmrdmaten el 6, o Deee ons St

1
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o  There is no singularity of Infiaitely collapsed matter rosiding ot the wormbole theost.

These roguirements then ead us 1o defing 3 sphercally symmetric Lorentsen
metng, o', 1hat prescribes the roquired traversalihe wormhale goometry
13

B Y B T e AR ()

where standard spharical-polar coceinates are used (r1 2w = circumforence; 03 #5x;
Dspsda), latime (<t <) wdf « un'@dy, r) is the froely specfiatle
redahi® function that defings the proper thme lagee through the warmhale throat, and
8(r) s the freely specihabie shape fancion that defines the wormbole throat’s spat!
(hypersurface) gecmetry. The theoat is spherically shaped. There are & large number of

Equation (1) nte the Enstein Mokl equation and oranking through e mach, one can
derive the densty and fux of energy sad Mamentum (. 4.3, pressure) encoded by T,
for the source of matter that is reguired to prodece Ihe traversable wormhoie. The
eSS Show [hat the source of mattar musl hbave rerd o Negative energy demaily
2nd/0r an outweard racial tension (megative pressure) that s larger than the magnitude
of the energy density (Referpnce 1-3), Travelers moving through the throat ot wry
high speed wil tend 10 measure 3 negative energy dorsily. These exotic properties are
regsired o Creste ang throed open the wormhoie, 27d stabdize it againt colesee (see
Section U1 fer more decalls).

he tocheetal descnption of & trip Through a spharicaly symmetnic Iraversable
wmormdole 15 simely given by the proger time and/or the sroper distance of travel
hrsugh s Thoat 3s measured by space travalers, while the (radal) trave! velocky
through the theoat Is v = vir) < ¢ The proper time of Sravel 85 massured Ly spate
travelors going througt the wormbale i given Dy 4+ = Npv) '@, where » « [1 -
()17 and the integraticn (over the clerment of proper distance, di) & takes from
he wormhole ertrance to its exit. The proper distance of travel a3 measured By the
Wpece Lravelers I8 A2 = vir. Remole Static observers wetching the space travelers 9o
theough the wormhole will messsre thelr travel e 10 be Af = ve™") " and ther
travet distance will De AL = vAl, where the integration i teken over The same Rrits as
Defore.

7N ABCHERe T SO & § LONOTIS TVenare. Amawe Nua o [uGuwrs wry Ten GG TA £ AT Per B
Pttt by Y = GAVEY, STl . W T SO SO SR 1 Ak s TRt sreadies B ety of
ATOtITE @ v @ TN ARSIt e TIte e o e Dalewwt Lad (o0
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a0 inter-eniverse wormhole). The
Dottom dagram n the Nigure s an indre-
universe wormhole with a throat that
CONNECES two datant regions of owr own

VEANIING
geometry and are merely & geometricyl
FRAgUET AL,

There was orginally one other criterion
for defining a traversadle wonmhole,
which wns that it must be embedded = M-‘
withn ihe surreunding {asyeeptotically) Figeve 1. Inter-Universe Wermhele tawre-
flat spacetime. MHowever, Hochberg ang  Umverse Wershule (bettem).

visser (Reference 4) proved that It is oaly the behavicr near the wormbale theoat thas is
eriical 10 understanding The shyscs, and that » genenc throat can be defined without
havitg to make all the Symmetry assumpaions and without assumng the exstence of
an saymptetically flat scacetime it which 1o embed the wormbole. Therefore, one only
noeds 10 know Ihe gonernc features of the geometry near the theoal in eeder 10
gusrantee viclations of the Nut Energy Condition (NEC; see Section 111 for further
getadl) for certain open regions near the throat, 5o one t5 free 1o place our wormhole
snywhere in Spacetime because £ i only the geometry ond physics near the throat that
matters for any Asalysis. This fact led 1o the development of 3 number of dfferent
traversable wornhoie throsl Sesigns 190t are Cubic shaped, polyhedral sheged, flat face
aped, penaric shaped, otc. The redder shouid consult (Reference J) for a complete
technical review of the various types (and shapes) of raversable wormbole soltorm
found In genera) relativity theory,

One knows That ene seeds exolic Of Nogalive onergy 1o create and theoad open &
traversable wormhole. S0 In this regand, one asks what kind of wormbole one can make
with lons offort. To answer Lhis guesTion one can relate the oo wormbhole geometry to
the glbe! topoiogica! Invanant of the spacetime via the Gauss-Doanet Theorem
(Referonce 5). In the Gauss-Bannet Theorem (he local warmhaole geometry i quastified
by the energy density, U (in geometrodynamic units, & = G = ¢ = 1), threading the
wormbole throat phus & spatisl curvatere constant (for the throat). The global
topalegical imvariant of spacetime is guantified by the Foler Number, 1, which is Ruelf

tunseis) & woemhole can be assigned. These two topological guantities sre related via
e = 21 = 2). Therefore, the (static) wormhole Gauss-Dlonnet nelalion & given By U &
174 Or U 5 (1 = g2 (Reference 5). (The cose for dynamic trovariatie wormhaoles has

3
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results that sre similar 50 the static case.) This relation will hefp 1o decice If &
traversadle wormhole having one throat, or two or mom throats should be bult ans at
what energy coNt this will bacur.

The folodng s the result of cur analysis for raversadie wormholes having:

o -han@e/Uheost (Lo, Nat torus o spherical wormiole topology) giving @ = 1, hus
=0, w0

o JManSewttroas gving @ = 2, Mus g, = -2, and 3o U < - 12
o Jhandewthrossgwing @ = ) s o = 4 and $0o Uy <1 and so on,

3 ie clear from this That as the number of wormtole handies/throats InCrasses INe
amourt of negative energy required (o create the wormhoio will grow larger »
magritude MUMMWmmmmmmym.
1t Is cdear then that Rem (a) defines the most desrable engineenng Solution one cas
mwax-mmmudmmutmm
Rte regative energy 10 create. The magrtude of energy condRtion wolstions and the
amount of negative energy requiFed o buld » traversabie wormbole will be addriised.

B. THE "STARGATE" SOLUTION

1t s @ Mtraightiormard sxercise U0 deuign & seal “stargate” from wormhole phywcy. A
sargate is essentially 2 traversable wormhole with & flat-face shape for the Thioat s
spposed 1o the sgherical-4haped throat of the Marmis and Thorme mormbcle as dicusted
int the provious section. A traveler 9oing heough & stargate wil semply De shunted nto
anceher remcte apacetrme roegion withis Our UNWErse o DO ancther unitverse.

The At -face traversabie wormdole sObt0N B derived fram the thin shell (s.0.a
mm«muw)mammmmm
§, 71. The pracedure is to take two coples of Mat Minkowsk! space and remove from

sach dertical rogions of the form [ « X, where (1 Is & tree-Gmensional compect
spaceiie hyporsurface and M i & Umelike Ine (Ume axis). Then dentify these two
NCcomplete spacetimes aiong the Umelice Boundaries X1 « 8. The resulting spatetiome i
Peodesically complete and posseies two svymptotically flat regons connecsed by &
traversable wormhole. The throat of the worrshole is untt the Jusction M, which is »
wo-dimensional space-The hypersurface, st which the e orgisal Minkowsh) spales
are WdentifNed (see Figures 3 and 4).
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Pigurn 4. The Some Giagren ss in Fapurs 3 Excapt os Viewsd by ot Ohaarvey Sitliag bn Bagien O, Who
..Mnnz“mwn“‘-“*qu“-“h”lo

It s # standard result of the thn shetl formualieen that the Eirsten field eguation may Se

cast in terms of the suface stress-enargy tensor § |, of & thin shell of matier (of Mmass-
energy) ‘ocaized inside the wormhode throat M (Referernce §):
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Sw s (K ~8AY) )

mhere the sotond fundamenal form L | o 2 malsis hal regresents the extrinsic
curvature of ) (taling how the wormbole throst is corved with respect &5 the
nrvelopng four-dimensional specetime), &, i the Bree-dimensional it matrix, and
K%, s the trace (sum of Segonal matrix elements) of K .7 K, i & diagonal matrix
having the two prncipsl radi of curvature, ¢: and o, of the tn shell as s components
(s Figure 5). 5, may be nterpreted & Derms of tha thin shel's surface enargy density
2 & prncipsl surtace tensions, B, and 3, which are also Sagonsl Matny COMPpInents.

Figwre 5. A Thio Shal of (Latationd] Mase-Brargy Passassiog Tws Frincine Badil of Curvatass, n, Sout
L3

Eguation (2) s solved and the companents of 5 are found to be (Reference 8}

\ ‘c' | 1 i )
alin »

-

(Ja)

INe LaOn s O, L 8 = DT Seume Uree el DupernarTaos connimeien, o 0", o et o7, ¥ &
ot @ o aten aved & o e crww b

UNCLASSIFIRD//FOR OFFICIAL USE ONLY



UNCLASSIFIED//FOR OFFICIAL USE ONLY

. —— {(J5)
J'.(I -~

» - (3]
L, P,

These are (he Enstem el eguations 107  raversabie worrmbole That s produces oy &
thin shel of ocalzed matter, Loudtions [ 3a-<) mply that [for M) 3 comeex
hypersurface) one is dealing with negative surfate energy density and 1 ive sarface
1ensons. This is eeotic matter! The negative sutface 1ension (= DOSIDive Outwar
pressore, 203, gravitational repuision) 8 reguired 15 Keed the DNOM Cpes and $adie
sjanst collapse. To make this thin shell wormmhole ofrely "at regquives That one
ChHooses the Dhroat 2 00 have at jeast one fNat face (picture the thin shell in Figure 5
becoming fat], On that Tace the two prndipi radh of Curvature Decome p, = gy & = W
reguired Dy standand three-dimensons! geometry; thersiocs, suBstistng this
reguirement o Eguations (1a-C) gives:

which s a remarkabie resut. ™S
means that a traveler encourtering and
goMNg through such 3 wormhole
stargate wi! foel fd UGN graviabonal
forcms AN 308 M0 i Mmalier
reading the Theodt. A Iriveldr 00y
Srough the throat will ampyy be
untes Ino N0ther ramote Spaleme
region Or IMo another universe (note
he Einalein k! oguation does not M
Ehe spacetime topaiogy, SO i I pOsslie
that wormboies &ce nler-ufverse as
well a3 tra-universe Tunteds)
Therefore, OnNe Can comalruct A stargals
By @enerating » thin shadl or surface
ayer of exptic matter much Nke » thin
i of s00p Mirelched oCross 2 loop of
nire

C. WHAT A WORMMHOLE LOOKS
LIKE IN THE REAL WORLD

The sagtic matter threading »
traversabie wormhole tTheodt roduces

repulsive ARy woh sl then Seflln? '.w" .:W"‘:: I.' 2 s Troversable

N rays 9ong through and aroung &

The sntrance 10 the sphencaly symmeiric Marris & Thome wormhoie ooas e »
sohere thae cortains the miror image of & mhole ORET UNVEFSE OF NEIMCSE Megan
wiEhin our own universe. IncredDly strunken oo distorted (sew Figure &), This s an

4
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example of the tepoiogical inversion manfested in wormhole geometry. The spherical
wormhole entrances/ext (9.008. the Broat) is catled 4 hypersphere because &t i the
Myperspace surface of ouwr four-Omensiondl spacetime. [f one were to travel through
the and ok Back st It from the other side, then one would see » sphare (the
entry Bachk home) That seemed 10 contain the whole origingd universe or horme
rogion of SO80e Nedr Sarth (withun your universe). This would ook Just Ve o glass
Cheistmes tree ornament, which ts Just & spherical mirrer thal reflects, i grinciple,
entine umiverse around it |

A Nat-faced wormbale, or stargate, wiich Is also a hypersurface, would not distort the
mirror image of the remote SOacE rogion or other universs seen thiough it Decausse the
negetive surface onargy defmlty and nopative srface Temsons of the exolic Mmatier
threading its theost & 1ero as soemn and folt by Nghl and matlsr saesing theough &
(recall Equation (4)). See Ngeres 7 and &

Figurs 7. A Stargete (adepted fram Referance 9)
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Figurs A, A Seargats n Tiewss Seaars

¥ 2 smad woomihoile (three o More JIMensional) were 10 Degin 10 appear of even bumg
NEG OUr JoCa! S0ACE, ONE WIS SErceive This Srodess &S The SCourrente of an snusually
OMAE S00T In The sky. Bice ad red Doppler shifting of this Dright soet woukd masifen
mhen the intersection of the wormnhole with our oca! SPa0e grows Of recedes,

fespect vely

III. The General Relativistic Definition of Exotic Matter and
the Energy Conditions

This section will consider the physics of the exotic matter that is reguired 1o budls
traversabie wormhodes. What exactly & “axolic” matter? Ia dassical phweits the eneryy
Sty of af cteerved forms of matier (Nelss) b noo-negative. What iy exotic 2o
the Sypo of matier that must e used to penerste traversable wormhole Spacecime is
that & must have negative energy densty and/or negathve flux (Reference 10). The
energy demaily & “negative”™ It the secse that the configeration of matter Nelds one
musl Sopioy o gecerate and thread 2 Uraversablie wormhole throat must have
energy denalty, m [ = o, where & Is Ihe rest-mass density), 1hat Is less than oF ogud
10 s presscrentensions, o (Raterence 3. J1.° 1n many cases, those eguations of state
A% Ao KNown 10 Dossess an energy densily that s algebraically negative, e, the
enevgy density and Nux ae Jess han 2er0. 1L s on the Dass of these condmions that

“Hivenr INe pund Spmp] » 1Py 'wet o e v ey (@ 2. LLA L Y 1he o el b Dy w D tem
ety e U ) SEeTUErd 1D IDOSTEBA ¢ 8 WA NG 1P T e RN ety o vei Tl o e e
SV R Y

G
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one con call thin matorial property “esotic.” The cordition for ondinary, cassscal (son-
exolic) forms of enatter that all are famiiar with in nature is that oy > . and/or iy 2 0,
These cond®tions represent two exampies of what are varously called the “standard”
energy conditions: Weak Energy Condition (WEC: e 2 0, ox + & 2 0), Nu? Energy
Condtion INEC: oy « o = 0), Domisant Energy Conditien (DEC), and Strong Enesgy
CondUion (SEC). These encryy CONBLONS forted negative energy density between
materisl odjects 1o occur In nature, Syt they ane Mmere Nypotheses, and s
(Reference 11) formuisted the energy condiRtions in order 10 establish & of
mathermatical trypotheses gaversing the bedavior of colapsed-matter singelarities in
ok study of cosmnmoiogy snd black hole physica. More specifically, dassical genernl
rolgtivity aliowrs one 1o prove oty of general theorems about the Dehavicr of matler in
gravitational Meids. The mpact or implications of the DEC or SEC will ot be contidensd
because they add no new Information beyend the WEC and NEC.

The Bact news s thal resl physical matier s not “ressonabie” Decauss the energy
Mmmwmwmw*mtmuw
A) [(Reference 3)." More specifically, quantum effects generically violate the sversge
NEC (ANEC). Furtharmore, It wirs dscoverad i 1965 that guanturn Nedd theory has the
remsarkable property of alloming states of Matler COMBNNG JOCA! regions of negative
stergy Sensily o negative fuxes (Reference 12). Thia viclates the WEC, which
postulaies that the \ocal energy demiity s son-negatlive for all observers. And theve are
aho geraral theorers of @fferantial geometry hat guacsated that there must D¢ &
violation of one, some, o ol of the entrgy conditions (meanng exotic malter &
presect) for all traversable wormhole spacetiones. With respect 1o Creating traversable
wormhole spacetimes, “negative energy™ has the unfortunate reputation of alarming
physicists. This 5 unfounded since aft the energy condion hypothmses have been
eapecimentaly tested in the ROMatory and experimentaily shown 5o e fake - 2% years
Befigre their formulation (Referwrce 13)

Porther investigation into this techaicel ssue showed that violations of the erergy
CONSILONS are widespread for all forms of both “reasonable”™ classicad and quantum
matter (Raference 14-18) Furthermore, Visser (Reference 3} showed that 31 (generic)
pacetime geometrios viokats al the energy conditiona. S0 the condition that oy > o
ana/or oy » G must be cbeyed by ol forms of matter It nature i spurioes. Viclating the
energy Conditions comemils no Ofense aganst nature, Negative energy has oo
produced i the laboratory and this will de dacussed in the following sections.

A, EXAMPLES OF EXOTIC OR "NEGATIVE" ENERGY FOUND IN

NATURE
The mxotic (energy condtion-violating ) Reids that are knows 20 Sctur 0 nalute Are:
o St radaly-dependont slectric or Nelds. These are borderiine exotic, ¥

g‘rmmm larger, for » given snergy density (Referente 11,

¢  Squoend quartum vacuumn satoy: electromagnetic and cther (non-Maxwelian)
Guantym Nolds (Refereance 1, 20).

"Mk’ reduced cormtan, A - L0 L 1O M s
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. WWMWWW(W

o  Coavmie affect, Le., the Casuny vacuum in fat, curved, and topological spaces
(Refwtunce 22-28),

o Onher gquardum fekds/statos/effects In genersl, the loce! energy deneity = quantum
Nedd theory can Be negative due 10 guashum coherence offects (Referonce 12).
Other exampies that have boon studied are Dirac flold states: the superposition of
wo single particie elect=on slates and the superposition of two musti-eleciron-
positron staten (Reforeace 29, 39). In the former (letter), the energy densities can
be negative when two single (mefti-) particle states have the same number of
elecirons (electrons and positrons] or when one state has one mere clectron
(edextron-postron palr) than the other.

Cosmological inflation (Reference 3), cosmological perticle production (Reference ),
claswical scalar Nedds (Reforence 3), the conformal anomaly (Reference ), and
gravitational vecuum polarization (Reforence 14-17) are ameng many other axampies
that also violate the energy conations. Since the lrwa of guantum feld theory place no
strong restrictions on negative energies and fluxes, then it might Be possibie 1o produce
a0t phanomena such as faster-than-iight traved (Reference 31-33), traversable
wormboles (Reference 1-3), violations of the second law of thermodynamics (Reference
34, 35), and tme machines (Reference 2, 3, 36). There are severy other axotic
phencmens Made possidie by the sffects of negative energy, tut they ke cutside the
scope of the present study. This section wil review the previousty Ssted Remas 1 theu 4
and exnemine their appiicabiity and technicad maturity, Dirac feld states are currently
urder s2udy by Investigatons. Also, the issue of Coptring snd storing negative energy s
N considered In what MoFows Decouse Mee-50000 NeGative energy scurces appeer to
be 3 more desradie aption for INOUCIng traversable wormhcles than stored negetive
esergy, and Dechuse there Is very ttie technical Bteryture that addresses how o
captuvre and siore negetive energy (soe, 0.4, Reference 10). The issue of capturing and
STOrng megative energy wil be left for future investigations.

B. GENERATING NEGATIVE ENERGY IN THE LAR
1. Static Radial Blectric & Magnetic Fleids

0I5 Deyond the scope of ths Sudy 10 eciude aff the Sechnical configurations by which
one can generate static, radially-Sependent electric or magnetic fiolds. Suffice it 10 say
that ultrahigh-intensity tabletop sers have Been used 15 generate oxtremae electric and
magnetic field strengths in the ab. Ultrahigh-ntensty lasers vse the chirped -pulse
ampification (CPA) technigue 50 DOoat the sotal owtput Doam power. AR laser wystems
Bmply repackage energy 85 & coherent package of optical power, et CPA Lsers
repackage the laser puise Reelf during the ampification process. [n typical high-power
Ahor-pring lasar wystams, i s the posk Intenslly, Aot the energy or the fuence, which
causes puise distortion or laser damage. Mowever, the CPA laser dissects & Mser Dulie
JC0OrINg 10 15 frequency COMPonents, and rearders it into 2 time-stretched ower-
peak-intensity pulse of e same energy (Reference 37-39). This Denign pulse Gan then
De amplified safely Lo high energy, and then only sNerwd ds reCOnStmASd as & very
short guise of ENOMOUS DOalk POWEr ~ B Dufse wihich Could never Rself have passed
safely thvough the laser system. Made more raciabie in this may, the puise can be

u
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ampified 1o substartal energies (with orders of magnitude Groster PDeak power)
wEROUT enCountening intensity ceiatod problems.

The extreme cutput Boam power, Soids and phywical condtions that have bean
schinrved By Jirabigh-intenaity tatietop laners are (Redereoce X9)-

o Power Intenity « 30" 10 10™ wim® (10™ Wim' waing SLAC as » Dooster).
o Peak Power Pube < 107 1.

o Dictric Neld, £« 10™ 10 10" Vm [rote: compare this with the critical quantem
crectrodysamic (QED) vacuum Breakdown £-Held internity, £, = 2m c/ae o 10"
Vim, defined by S total rest-energy oF an slectron- pOsitron pavr created froom the
VaACUM Evided by the slectron’s Compton wavelength|*,

o Magnetk field, IF » several « 10" Tesia (note: the oitical QED vacuum breakdown B-
Nold intensy is &, = XJc « 10™ Tesha).

« Ponderomotive Accoleration of Electrons « 10° ta 10™ g (o ' the acosteration of
gravity near the Eanh's surface, 9.51 m/s")

o  LUght Pressore « 10" 10 10™ bars.
«  Pasma Temperatures > 10" x,

The vigiant reader might assert that the electric and magnetic fedds generated
Vtrahigh-intensity Lasers are not static. Bul In fac, hese fiedds are static over
Suration of the pulse- widin whide st peak Istensity. The data sdove Hustrates
UtraNgh-intensity isers Can generate an slectric Nield energy dersity ~ - 10"
Im? and » magnetic Deld energy density = 10 1/’ However, there remaing the
prodiem of eagineering his type of eaperiment hecause classical slectromagnetic
theory states that every observer associated with the experiment will see » non-
NOQtive anergy deneity that i = A¥ 4 I, whers £ and It are measured & an cheatvers
reference frame. It & not known how 1o Increase the tension In these Nelds using
current physics, But some new physics may provide an answer This technical preblem
it be left for future owestigation.

2. Squeezed Quantum Vacuum

Substantial theoretical and expertnontal wirk Nas shown NSL in many gquaalum
systemd (he Bimits 10 maasurement precivion mposed by the guantum vatua™ Jero-
POt Nuctsations (2PF) can Be resched by decreasing the noise In one chservable (or
Twaiorable quantity) ot the exponse of Incroaniog the nolse in the corfugate
chservabie;, at the same time the varations In the linst ctsarvable, oy the energy, are
rocuced Selow the JPF such that the energy becomes “negetive.” “Squeezing” s thus
the comrel of quantum Ructuations and CorEgOnding unCertainties, wherely ons Can

ie

8
;i!

than would be expected om the Dass 0of the equEPatIDON theorem. One Can In principle

ERchen mae m, » R0 0 10 M i (hevge, r = S 000 S BTV E
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WapIoIt QUANIUIM SQUECHINg 10 Exlract energy from one 2iace In Ihe ordinary vacuum ot
fhe expense of acoumuiating excews anargy sisewbore (Reforence 1)

The squeeses s2ate of the electiomagnetic feld is o fvimary cxanple of a guartus fed
Fat has negative energy density and negative energy Nux. Such & siate docae »
phosica reaity In the LSOAtOrY 35 3 resull of INe NONANGAT - OPEXCS Tochrigue of
“squmesing,” Le,, of moving some of Ihe guantum-Muctuations of Mser ight out of the
coslell - 2/C)] part of the Besm and into the sinfull - 2/¢)) pert (Reference 20, 40-
44)." The chservable that gets squected will have its fuctuations reduced below the
vacuum TPF, The act of squeering transfomms the phase space Crcular nolte profile
Champctenstic of the vatoum 8o an ollpse, whose semimajor and semiminge axes sre
Phven By wnogual quadrature uncertainties (of the quantized slectromagnetic Neld
Rarmonic oscillater cperators), Thix applies to coberent states in general, and the usus
vacuum s also & coberent state with sigenvalee 2000, As this efigse rotates sbowt the
OHON wEh angules frequency w, Ihese unequal Quadrature uncerianties manfest
thormmelves it e clectromagnetic fekd oscilator energy by poriodic sccurrences, which
e Separaind Dy ane quartar cycie, of doth smalier and larger Auctustions compared o
the snsqueeded vacuum.

Morris and Thorne (Reference 1) ang Caves (Reference 45) pont out that If one
squeeses the vacuum, L., If one pUts vacuum father thas aser MM 0o e Input port
o 2 squeeTing device, then One Pets at the oulpet an clociramagnetic Neld with weaker
Tctaations and thus less esergy densly han the vacsum ot locations where cos’[w(t -
2/¢)] = & and winla(t - 2/¢)] << 1; but with greater Puctuations and thus greater
nergy density than the vacuum ot locations where o8’ [ull - £/¢)] << 1 and sie'[wlr -
&/C1] » 1, Since the vacuum i definad to have vanishing energy denalty, aay region
WIth less energy dessity than the vacuum sctually has a4 negative (rencrmafised)
MPOctation value for the efergy denslly. Thareforn, # squeesnd vacuum state comsists
Of 8 traveling Sfociromagretic mave that osciistos dack and forth between nogative
energy density and positive enorgy demity, but has positive time-aversged energy

For the squeelod electromagnetsc vacuum stale, the snergy Comsity sy ... B given by
(Reference 44):

o .( ?.:T‘!}‘.q“g.ugm(aw-:ma)] Ty ()

where L' Is the volume of & large box with sides of lorgts £ {i.e., the Suantum Oeld i
Paced In 3 bow with paniodic boundary condions), § 1 the sgueesed sate amplitude
{ A measure of the mesn photon nusber in » squeesed state], and & Is the phase
Sueeding. Equation (S) shows That oy .. falls baiom 20 once every Cycle when the
condiion cosh L > snh £ is mel It tusns oot that thiy is always true for every nooaens
vakse of L, SO Py DOCOMEN negative at some poI 0 the cyde for o general
Queesed vacuum state. On another note, when & quantum state & Close 10 & Mguoeied
votuam state, there wil Amot always be xome negative energy denaities present.

Negative erergy can De gereraled Oy an array of ulkrabigh-indentity Wsers using an
witra-fast rotating mervor systerm (Reference 47). In this scherme & laser beam s passed

T T U Dy o PR e N Seeenen e 2o Sewrton of DONT SrTRegate.
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theough an optical cavity resonator made of  Mihiam niobate (LINDO;) crystel that i
vhaped lie o cyfinder with rounded sivered ands o reflect Ight. The rescnaior will act
10 produce & seconsdary lower frequency light beam In which the pattern of photons s
rearvanged Mo pairs. The sqoeered Ight beam emergng from the resenator will
contain pulves of negatrve energy Inlenpersed with polses of positive energy.

[ this concept Both the negative and positive erergy pulses sre ~ 10 ' second
Suration, [n princigie 8 »ot of rapidly rotating mirrors could Be arranged 10 separale the
pesitive and negative energy pulses from each other, The light beam woold be set 1o
sirke each murror surface M vory shalicw saghe whvle the rotation would ensure that
(he negative onergy puives would be reflectad at 3 Mightly Sifforere angle from e
positive energy puises. A small ipatiel separation of 1he two Sfferent energy pulses
would ooour at some @tance from the rotating mirror. Ascther system of mirmoes
woul be newded 10 redirect the negative energy pulves to an nolsted location and
concentrate them there. See Figure 9 for an Sustration of this concept.

RowmgRolewts .“ Plove
Mor o Tytem ;'
Lewe & o P e 'S o e D
WO, ml = & & =
Feexans Awndng Fdom of e
Nogutore & Fomaw -
Tomgy S -
Segaminegy . Conrmuad
PNen - Wegtw Loagy

Nigure ¥ Concoaptan! Sqoeaimd LIght Segstve Daergy Same star

e Mirrer syshem can actunlly be ivplemented via non-mechanical means. A
chamber of sodum a4 Is placed within the squeering cavity and » laser beam

ot one can nduce ragid reflections of pulses by careful design (Reflerence 41). Ao
Iustration of this is show in Figere 10
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Figere 10 Sadiem (hamtar Nogotive Erergy Sagerster (Sufarence 41)

Another may 10 genevate negative energy via squoesed lght would be to manufacture
extremely relobie Ight puises containing procuety one, two, three, eic., photons aplece
#d comdine them together 1o Croate squeeled Siates 10 crder (Refurence 47).
Wmmmua«mmmmumm
energy. See Figere 31 for & conceptus diagram of this concest. Photonic orystal
MESEIICH Aas aready dermonstroted the feasbiily of wing shotomic crystal maveguides
(mwmmmmmmuwm)wm
oM sources that produce beams containing prechsely ene, two, three, etc., photons.
Mwmammmm.mmmmaomy
Samond, Just 1710007 of o milimeter lang, 0ot an cpticl fiber, which could be wsed
10 Create a wingle phaton beam of Mgat (Reference 48, 48). The combining of diferent
beams containieg different (finte integer) numbers of photons & already state-of-the-
AN prathice vis numerous optical beam combining methods that can readiy be
extended 10 Our appication

Frnen 11 ARersative Concestuel Sammaied Ligi Regerres (ner gy Gane ster
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Finally, R ot o, (Reference S0) experimentally dermonstrated the very fist simpoe,
scalable sQueeTed vacuLm SSUrce In the SOratory that consisted of 3 CONLIOUS-Wave
Siode lder and an atormic rubiium vapoe Cofl. The expermestal tools one needs o
begis eapicring the generation of regative energy for the purpose of cresting
traversatie wOmmhokes ae sl Now Docomi=g avalatie

3. Gravitationally Squeezed Electromagnetic ZPF

A natural source of megative anergy comes from the efMect That gravitations! Nelds (of
Mtronomical bodies] In space have upon the surrounding quartum vacuyum. For
example, the gravitational eid of the Earth produces 3 Tone of negative energy around
& Dy dragging some of he virtusl guanta (a.k.a. vocusm ZPF) downward. This concept
was Intaly developed in the 1970 as a byprodect of studies on quantum Neld theory
N curved space (Reference 25). Mowever, Mochberg end Kephart (Reference 21)
derived an Important appiication of this concept 10 the problem of cresting and
adiluing traversable wormtoles. They showed that one Can Ui the segstive energy
densities, which arse from Satortion of the vaceum ZPF due 1o the Interaction with a
Drescrited Graveational hackgroend, for providing 8 vickation of the energy condtions.
The squeesed quanturm states of QuaNtum CPUCS PIovioe & NEturd form of mattr
Naving negatlive erergy dongty.

The analysis, via quantum optics, Whowed hat gravtation tsel! provides he
mechansm for gererating the squeezed vaowum states neoded 1o support wable
treversable wormihoies. The production of negative energy dersities via o squeered
VaCUUM 5 & hecessary and unaveidable conseguence of e INteraction or couplng
Detwees crdinary matter and gravity, and this defines what & Meant Dy gravitationally
Squeched vacuum sistes. The magntinde of the gravitational squeeing of the vacuum
an Be evrnatod from the QUantum 0ROCS SQUEEZING CONSIlIon for given transverse

mamestum and (eguitvalant) energy sigenvaiues, /, of two ehettromagnetc Z9F feld
Maaes, SUch Ehat this condiUion s subject 1o f -» 0, and i is dofined oy (Reference 21):

' ' M A,
"r{z]i‘"r o

where L5 the ZPF mode maveiength, r is Dhe rodial distance Mo the conter of the
astromomical body In Ry 18 the radius of the Earth (6.378 « 10" m), M, s the
mass of the Earth (5,972 « 10 kg), MW is the mass of the astronomicsl body, #nd », s
the Schwarzschild racics of the mtronomical body.* Note that «, s ondy & convenien
radial dntance parameter 10 any ObNeCt under examinelion end 30 there I N Mleck
Noie collapen volved i ths analysis. Any radiad distance from (he Body In geestion
can be chosen to perform this analysis, Dot waing 7, makes the eguation simpler In
form, Also note that Equation (6) contalns an extra factor of two (comparned 10 the |
derfved in Reference 21) I order to account for the photon soin, The squeering
condition phes Equation (6) simply states that substantisl gravitations! squeezing of the
vacuLm occurs for thase 2PF Seld modes with L > B, of the mass in Question (whode

Yo 0 DONV, Aotordeng 1 goverel satetly thanry, T § The TS i 80 Rt 4 Kiemally STty
TR JOCY Dt 4 Mook e, L8 o0 efech B W whetee 13 TRCIPN YT T BOSEY Sertee
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gravitational field s squeezing the vacuam), The cormesgonding ‘ocal vacuum state
SORrGY Censiy B! by pee * 2083,

The gereral result of the gravitational squocsing effect iy that as the graviational Nekd
Lrength Increases, the energy rone (surrounding the tody) aiso InCroases
strength, Tebie | shows gravitational squeesing Docomes IMpPortan for sampée
BOdkes 0 Their 35S0CKILET oy - THO Latin shown that in the case of the Earth,
Jupiter and the Sun, the squeesing effect is extremaly focble because only 2PF mode
wavelongthe above 0.2 m to 78 kM are affected, 00ch having very mBUte iy . For &
solar mass black hole (radius of 2.95 km), the effect is sl feebic becavse only IPF
made wavelengths above 78 un are affected. But note that Manck mass bodies witl
NRave an enormoualy Srong Negative energy 200 Surrounding them decause #fl v
made wavelengths sbove 8.50 « 10 ™ m witf be saueezed, W other words,
wavelengths of isterest for vacuum Suctuations. Protons wil Aave e sirongest
FOQAlve encrgy JOne In COMPArison Decause the squeenng offect inchudes ail 297 mode
wavelengths above 6.50 « 10" m. Furthermore, a body smalier than 3 nuckear
Glometer (« 107 m) and comaining the mess of & mountain (~ 10" kg) Aas & fainy
WrONg MegAtve energy 200e because abl 2PF mode wirvelnngths above 10" m wil be
suoernd, [n nach of these Cases, the magnitude of N Cormponding iy e 5 very

However, the estimates for the n Table L might be 200 smal, Ford
(private communication, 2007) argues Reference 21 is I emor DeCause spacetors
15 flat 2o scales smaller than the local radius of curvatuee, which is Selined by the
irvense sguare root of the Romann corveture tensor component in 3 local
orthonsrmal frame, o ke « (PG, Accorging 10 Ford, 0ty 29T mades with & » e
wil be wjueered Dy the gravitabional fiekd. This isads 1o o SfMerent local vaCUw™ state
soargy Sensity (for ¢ >> ) (Reference 13):

17
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Table 1. Substantial Gravitatioos! Squeezing Occurs 1or Vacuwm ZPF When ) »
B,

|__Makx of body (k9) 7, (m) A (m) Peaven (3/m")
Sun = 2.00 « 10 295« 10' : 78.0« 10° -1.08 » 10
Juphter = 1,90 + 10" 282 .« 24 208 <10% |
Earth = 5.38 » 107 887100  l:023 23108 |
Typical mountain « 10" - 10 » 10 ﬁn « 107
Manck mass = 2,18 » 10" | 223, 10™ 2850« 10" -1.20 « 10"
Proten = 1.87 « 16 ﬁ«- o™ 2650 « 30 -3.50 « 10'™

For exampie, noar the suwrface of the Barth (r s 2o M = ML), A = 2.42 « 10" m and
heace, EQuation (7) oIves iy g = < 1.82 « 10°™ L', Compare these values with 4 »
0.23 ™ 200 o g » -2.23 » 107 Jim' in Table 1. The resolution of this disagresment
reMains a5 cpen question

mumnmdmmmmwmwd
Ihe watusm In the fatoratory. This will be feft for future iInvestgation. However, 1t Is
Mbmnumdmm.lwmm
mmmmummmmmm.

4. Vacuum Fieid Stress: Negative Energy from the Casimér Effect

The Casimir effect & by far the eaysest ¢ &
and mast wel known way 10 generate e A
negative energy In the bb. The Casimis
effect that 13 famikar 1o most pecpee is
e force that & asscciated winh the
CIRCUTGMBINET QuArtLr™ vaCLym
[Reference 51). Thas s s sttractive
force that muwst exist betwees any two
neutral (uncharped), paraiiel, Nat,
Conducting surfaces (e.g., metali
plates) in 2 vaouum. ™y force has been
wel measured and & can be attribuaed
02 3 Mauts =Haance in the vatoum

8
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It Burns out that there are masy diferent types of Casienir effects found in guantum
fleid theory (Reference 22-24, 28, 55). For axample, If one Introdeces @ siagle Infisity
Slane Conductor Mo the Minkowsh! (Mat spacetime) vaduum by brngng £ adlabatcally
froem infimity 5o that whatever Guantum felds are gresent suffer NO excation but
remain in their ground states, thes the vacuum {slectromagnetic) stresses nduced by
he presence of the infinite plase conducton produces 8 Cosimir effect. This result hokds
Oquaty well when two paraliel plane conductons (with separation distance o) are
MM”'&QNWW“MOM.MMMM
Caves, the pacetime manfold is made mcomglete Sy the introduction of the plane
cosducion Boundary condion(s). The vacuum region put under stress by the presence
of the plane conducton(t) & calied the Casimir vacuum. The genenc axpression for the
;mergy derdity of the Castmi effect is e = ~AA W™, where 4 = UM in spacetimes
dm&mmhmu-u).mmummwb
& choracterstic of expressions for vaowum stress-energy tensors, 1% . in pur familler

four-dimensional spacetins (1) = 4), A = «'/720. To calculate T for o given quantum
flekd is to calculate its assocuted Casimir sflect.

ASaogs of the Castimir effect also exial for Nelds cther than the dectromagnetic el
When considering the vacuum stete of other feids, one Must Consider boundary
CONSIIONS that are ANalogOws 20 the perfect Conducior Boundary Condtions fuv (he
Slectromagnatic Oeid at the surfaces of the plates (Reference 22-24, 28). Other Nolds
Are NGl eleCrOmagnatic in nature, that is o sy they Jre non-Maxwelian, and 50 the
mmwmummmmnmumm
Maniiolds exbit what i calied the topological Casimir effect for any non-Maxwelian
Mmmnmmmwa&ﬁmmmmm
condtions are repiaced and Miskowskl spacetime by & manifold of the form % « £ (Le.,
& product space), where N is the real ine defining the time desension for iy particalar
Product soace and T a Nat three-dimensional manifeld having any one of the
folicwing topologies: B« S, R« T°, T', % « K7, et % Deing the resd fine that defines
any fncar space dimersion (0.9, R = ine, %' « two-diswnuional plane, ate ), T being
e n-torus, K’ the two-dimensional Kiein bottle, S' the crdie, etc.

The case & = 9" » §* has the Cosest ressmblance 1o the electromagnesic Casiner efect,
he aiference being That instess of Imposing conductor boundary conditians, one
ITposes periodic boundary ConINoNs on sorme of the Keece CoOTEnates in the theee-
dmensional manfold. When impoaing ths lopological Constraint 0n the Nedd theoretic
calculation of the topaiogical Casimir effect (Tor Ineer masshess felds). one finds thae
e generic expression for the energy denally & alsd iy = ~ AR, where
A-uu‘m&-nwumquu.wvm)nm
PONL, the plus sign hotds for bosen Nelds (Giving 3 negative energy demwity) and the
sogative sign for ferymion fekds (greing a positive eneryy dermty),

17 one were 1o admit spin structure I the Maniicids descred above and the fiedd
Spincrial, then there is another reportant subtiety that must be laken into account

when evaluatiog 17 . Mowewver, this intreduces an sddiionsl complextty involving the

mmmmmmummnm.um
Space o Nitve Bundie) of the fiekd i queson wharely the topology nat only of the base
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Maniold, Dt of the Nbre dundie Ssefl han an offect 0 17 . 1n addtion 10 this, theee

are (Compactified) extro-space amensionsl quantum Neld (Le., D-Brane or “brane
workd™) analogs of the Casimir effect yet 10 be explored. But a Setaled consideration of
these for, producing traversadie wormholes is Beyond the scope of this repect and wit
be ft for future Wvestigation

As 2 final note, the methods used to obtan the elctromagnetic T botween paralie!

mmwnunuummum“mwumm
together along a ine of irtersaction. If the conductors have corved surfoces nstead,
Ehen one claing rensits that are Wmidar Lo the case of Intersecting conductons. These
Peametries have oo been evaluated for the case of Solectrc media. These partiodar
cases will not be considened frther since there are techrical subtieties irveoived that
mmmmmdmmmmmu

5. Dynamical Casimir Effoct: Moving Mirrors

mnnmummammm(m)w
(... 2 moving mirTor). A mirmor moving with increasing acceleration gensrates a fux
umwmmwmuummmmmmmm
of the mirror (Reforonce 25, 56). This is essertialy the simple case of an infinile plare
CONSUCLOr UNderguing acieleralion perpesdicuiar to IS surtace. ¥ the acceleration
wmm.mmnmmummoa,m
SNergy with the vacuum), even though & s neutrsl, This is an example of the wel-
LOCw QUATUM phenomencn of parsmetnc escitation. The sarametars of the
moctromagnetic fieid cacitnons (0.4 their freguenty dunbutisn furction) change with
time owing 10 the acosleration of the mirror (Reference 57). Mowever, this effect m
nown to De exceedingly small, and X is ot the most effective way £ groduce negative
ergy. This scheme wiff not be considersd any further,

6. Casimir Effect: Negative Energy for Traversable Wormholes

The elect-omagnetic Casimir effect can be used In principhe to Creste 8 traversatio
wormhole. The energy densty po = ~(C AT * within & Cavinir cavity Is negative
mmmwm.mammmm“u
mmmummwmmwm.m
mdmw.bmnmmmmnmam
Mmmmumr..mumnmom
dmc“:momz:rmmmwmmontmd
]

"’('a%r ["-\r‘?f 8
afamsuin*) b m

nmmm&nm«vuummn@mmm
pates, the sistes will have equal sledire charges placed UPan them to estalish
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sdequate Coulombd regulsion.” Eguation () shows that & 1 km radius theoat will requiry
8 cavity phate separation of 1.28 « 10" m (smaller tham & nucieer diameter), which
GIves juc = <162 « 10™ Jim’ for this configuration. In contrast, 3 wormhsle with a
theoat radius of 1 AU will require » plate separation of 1.57 » 107 m (or 35% smaler
han the klectron’s Compton wavelength), which results in an energy density of -7 14 »
107" 1™ There s no techmology Anown today that cas engineer 3 cavity with sech
miruscule plats weparations. [n additien, such miruscule plate soparations are
unrealiintic because the Casimi effect smitches over 1o the non-retarded Neld Sehavior
(= ") of van der Waals forces when plate separations Qo delow the mavelength (s 10
nm}) where they are 0 looger perfectly conducting (Reference $5). This scheme will not
be considered any further. However, fture work will be necessary Lo ehucidate whethor
ha variouws quantum Neld anaogs of the Casimir effect Can provide 8 more reasonabie
lechmical Sohtion 10 this proDie=.

IV. Constructing a Traversable Wormhole is not Easy

A. NEGATIVE ENERGY REQUIREMENTS AND ENERGY CONDITION
VIOLATIONS

One knows Row 10 make smald quantities of negative energy In the lab. But ose does
fot know I 1 is possiie 10 make larpe guantities of negative energy. It wis povted sut
N Section LI that one, sorme, or alt of the classical esergy conditions myst be violated
In Seder 10 Bulid & traversable wormhole. And € was alvo cautioned that this was not 2
showstugper because the energy condRions have all deen violated by nature or by led
wEperiment prior Lo Dher formulation. Mowever, the resder should B¢ forwwarsed thet
there are & numder of pudiished cialms that the energy cOMdioe violstions can be
avoided. These dairmns ate Just somantic games wherely Investigaton wriversally
rreoke the following somano: divide the total stress-energy o weird matior phus
noemal matter, push all the energy Condnion volabions into the welrd matter so that
he mormal matter does not viclate the enwrgy conditions. Given that the erergy
CondRions are Nt absAiUte, such MErTanging A0OI0ACHES &8 fol necessary.

Traversatie wormincle throats violate the NEC (or ANEC). %o how Big @ violation s
required? Tha answer Iy that there is only need 1o cakulste the amount of negative
energy that wik be roeded 1o generate and hold cpen a mormhole Shrost. A simgle
formula foe shor throat wormboles using the Dhin shell formalem glees this quartty In
Serns of the eguivalent mads [note. the energy denalty derived from the general
m’, fheldd equation s 200 complex 10 use for this mass companion) (Rederence

!

"8 Al NI TR RTINS ey e 9 SDDOr e (DR S Rt T pes
AT D e
N Tt S e, 1 AU+ 100 4 T -
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w135 19" t)i—: %)

. ADTIN, )t
| mrer

where M., s the (equivalent) muss reguired 1o Buld the wormAole, ko ¥ # sutable
measure of the Gnsar dimension (witth o diameter) of the throat, and A & the mass
dmmm.mmmmwm-om.&.wmmm
sides of Equation (9) by ¢’ Touation (9) shows that & mass of ~0.71 M, wil be requires
wm.mz«nmummmmmmw
oW negative-large. Table 2 presonts 3 tatulation of e required negetive
(Mmuoma”mmmwmm
by the magnitude of the results, one should note that AL, is not the tots mass of the
WOOTROk &3 soun by remote cbservers. The non-finearity of the general relativistic field
Squation dictates that the Tota mass s 2ero (actusily, the total set mass belng postive,
fegative or mero in the Newtonian Jgproxmetion Sepending on the detalls of O
CoNStTULng the wormbola system). Finally, Visser of al.
geametnes

Tabde 2. Negative [quivalent Mass Required for

Traversable Wormbole
Awnen (M) M.,

1000 ~708.9 M,

100 -1 N,

10 7.5 My

1 DTN

0.1 ~23.6 N,

L 0.01 2.3 My

M*=190. 00" M =598 .1 kg

B. PHYSICAL CONSTRAINTS ON NEGATIVE ENERGY

mwmtm)mummdtﬂmm
Princigle to Qurved spacetimes. Much research Bas been conducted arousd this one
oo alene, The iteratune is 20 Mumerous to e heve Dut the reader should consut
mmmm«)bmm.mmmm
(mmmmmdhwmmwdm;hm
mdchmmmmmmmummn
coserved. Thix conjectre was devised as an attemt 1o guantify the emourt of
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negative energy or energy CONAION VIoWtions required to Duld & traversable wormhole
oacetime. [ovestigators have nvoked the Q1 1o rule cut many of the macrescopc
wormhole spacetimes. Whes gemarating regative energy the QI postulate that: a) the
Wh“d%wmmn&nlmw»cmdw
mmmmmwummmmmmum
nogative pulse; and <) the nger the time imerval between the two pulses, the
wmmmmummmmmmumm

QUESDON by NUrmErDUs Nvestigatory. Krasaikow (Reforence 61) construcied an exphick
wmwmmmmmmmm
Mmmmmmmmmnmmma)
wwmmm.auwumummmamm
Mainly proven for free massiess scalar Netds n Mot two-divensional Minkowsk
mnmmmwmmuudmummow

Mdmmbw(mmmmmuom
UDDR Beit] such That within & wormhole spacetime (Reference )

P !m-.o (1)
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Mphmmwlihlmmnmommmm
WM(Mhmna)mmmm.

muu..mmnmmnmmmuntm
refativistie Neld equation. This 2150 Impacts the of » fite
Pecenhip s with each wde of o throat (or the on sach side of the

mmmmummuummwm
condTion vickation guantifer. Homever, further work is needed 1o eatadish whether
mnonu-mwb-mmmu(muw
COnSition theorems can be evtended 1o include &

mmmm«ucmmhmmmmmm-m
mmm.mu“ﬂ%d%m
mmmwm.wmmmmwmun
two-dirmensonsl Miskowscl

mw.mmmwmdeW
Wm“h*mwﬂwwumm.honw

“-&*ﬁm“mhh-dm”-ulmow
- et e @ T e

M
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corresponding energy conditions are violated. The extent to which the results of Borde
nu.\mmumwammmcﬂa
without Boundaries) and interacting felds remaein usmolved

C. OBSERVING NEGATIVE ENERGY IN THE LAS
mWMhmnmm.mmdm

mmmmn.—«ummm.wm
Mwm.mwma-:anmmmm
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EXPECR Swilching facior wherey free different swtching functions (Based on ata
mm)mmwm.mmwwmauudm
ENETY & COmpanison is made for he response of 8 detector switched on and off during
4 peicd of negative energy denally (or negative anergy Nux) and that switched on and
o«mmmmmmmammdw‘m:w
mummydmmmmmmmw

mnMommmmnnmymw-‘m
MM¢anmwdmmmmw
mmm.mmmmumwm
are Mode! degendant and they found for thelr sandard moncgole detector model that
MhMM.MMMNdemm
mwmmamm.wmnumm
resolve These issues.

V. Conclusion: The Way Forward

More than 40 years elagsed Detween (he tite 18505 when the Curtes first identified
FASOsCtive mbstances In their aboratory and when @ neutros-catalysed Nission Cha
m-ummmm-mMummd
Mnu»wmmumw.mmm-wmmm
mmmmmwmmmmmmu
mnwammmwmmmmm
efort, and suppert. On this basis, it is possible that 3 traversatie wormbole can be
mnmwuw-mnmmmuw
term resoarch supporn.

A game changer may appear that could drmmatically accelerats o alter the direction of
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ratier, and many other fascinating sropertes (Reference 22-24, 26, 73-76),
Therefore, f the emergest spacutime/gravity appeoach lures Ut to Be correct, then

mmmmnmmmmmnm
FORONENLS, 4N Cannst $pacUlIte On Aaw the phywics of Uraversabic mermacies wil be
m.mummmmmmummm-m
dwﬂmmmmm.mmﬂnwbu
W.&omnmnmammhmu

MWWmmdowmﬂmm

. mmmnmm:wmmumm
Mﬂmdmmymmnumammmrnm
SiCess larger amourts for extended periads of e over extended spatial
mummﬂmom-nmumm
e ropose the folowing options for further exploration.

. WWmmAmmMmm
mmmwmmmmmm-&:mmw
uwmmmmmmmm
mmmwamwnﬂaw

mmnmmmmmwm.mmm
mmwu—wmummmmnmmmn
there tould be IMPOrtast new information yet 1o be uncovered.
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noude modets for the SUDETTRSSAE AmPINICAON of PHOLDSS WIth particular
emphasis on its dynamics and the cptimization of the Nveives sarmeders.
Experimental concents beng pursced will Iry to revea! directly the presence of »

Drac fleid states: As descrited in Section 111-A, this nvelves either the
SUPErPOSIION of two sngle particle olectron states of the superposition of two muty
eloctron-posiiron states (Reference 29, 30). This is still 8 ngscent topic of study in
Guantum feld theory. However, macking already possesses 2 great desl of
tochnolagy that s dedicated to the manipulation and storage of thoctrons and
mmmmmmwmmm
reseanc® topic should De SUPPO*ted N Order Lo asladiinh how B could CONribute Lo
an experimontal traversabie wormhole program.

Quantumn coherence effects: Other types of Quantum cohoronce effects not Mready
ISentified or inverted should be thecretically developed and esplored for the
Possbilty of finding new free-fiekd or Interacting fleid Corfigurations that produce o
mmummmwumww
means.

Detecting Megative Emergy » the Lab! in Sectian IV-C Ihis paper identifiec
PrOposats for olserving negative energy In culer space and in the laboratory, dut
further work s nended 10 downscale astronamical tachriques for use at the lab scale,
850 we need 1o finm up our waderstanding of how lab detectors will respond to
negative energy In site. A first step In the Ratter direction wes recimtly proposed by
Mareck! (Reforence 79) who genevalised the snatysis of the outaut of Delanced
fomady=e detecton (8:Ds). The most inperiast feature of these devices is thel

Eapoing and Storing negathve eneegy wik need 10 De SUPPOrted, and wach a program
shoutd be guided Dy the use of WEOrtory Oetactons SUCH as Dhe 0N Droposed in the
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PrEVIOUS Section. However, & i the opinian of the author 1hat free-1pace negative
ENErFY SOUCES 30pear 10 Se & more desivalile option for bhutléing traversable
wortmholes thas stored negative erergy.

o Comtructing Traversabie Wormbcles in the Lab. Emste's Genersl Theory of
Rolativity does Nt provide itructions on how 10 CONSLAUCE 8 traversadie wormhaole
0 space or nwide a Labaretcry voouum vessel The Eimten general resativistic Niekd
CquaTion only Srovides a prescrighion for designing & specll, ocalized peacetime
peametry and calculating the phywical characteristics of & seurce of matter that Is
reguired 1o induce it nm‘m‘omdmwmlh.-dm
energy, will a traversabile wormhoke appenr? Ooe doesnt know. Maybe one has to
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