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A Tale ofi Twoe ETL Spacetimes In
Generall Relativity

e [raversable Wormholes (rich diversity)

Warp Drives (rich diversity)

s All other ETL spacetime claims (Iin GR) are
SPUKIGUS

e [here are wormhole/warp drive spacetimes
In alternative gravity theories & D-
Brane/guantum gravity theoeries
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Violations of the Energy.
C

onditions

Hawking-Ellis “Classical Energy Conditions” must be
vielated te make ETL spacetimes in GR

Energy conditions
— Weak Energy Condition (WEC): pg = 0, pz + p; = 0
— NullfEnergy Condition (NEC): pz + p; =2 0

— Dominant (DEC) & Strong (SEC) Energy Conditions are
less importanit

All energy condition hypotheses have been
expernmentally tested 1 the laboratory &
experimentally shown to be false — 25 years before
thelr fermulation

— further investigation showed that vielations of energy
conditions are widespread for ALL forms off classical &
guantum matter

There Is ne such thing as “reasonable matter”



Engineering ETL Spacetimes
Requires Energy Condition
Violating “Exotic” Matter

So...It°’s OK to violate the energy conditions...It’'s not
a crime agailnst nature

Energy densities/fluxes and/or pressures of material
required te create FETL spacetimes must be “exotic™
(or “negative™)

“Negative™ in the sense that material must have:
energy density < pressures

or rather
energy density < 0
(I.e., lower energy than surreunding vacuum)

— “negative” IS Just a misnemer
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Examples ofi Energy Condition
Vielating “Stufi” Found 1n Nature
(or In the LLalb)

= Static radially-dependent electric or magnetic fields

Sgueezed quantum states ofi the electromagnetic field &
other sgueezed guantum fields

Gravitationally sgueezed vacuum electromagnetic zero-
poeint fluctuations

= Casimir Effect in flat or curved spaces
e Cosmoelogical Inflation

e Cosmoelogical Particle Production

e T[he Conformal Anemaly.

o Gravitational Vacuum Polarization
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Other Examples of Energy
Condition Vioelating “Stufif

Other quantum fields/states/effects

— In general, the lecal energy density in quantum field
theory can be negative due to quantum coherence
effects

Other examples studied: Dirac Eield States

" the superpesition of two single particle electron
states and the superposition of twoe multi-electron-
poesitron states

" i the fermer (latter), the energy densities can be
negative when two single (multi-) particle states
have the same number of electrons (electrons and
poesitrons) or when oene state has one more electron
(electron-pesitron pair) than the other

— o be subject of future study
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_albh Examples: Radial Electric oF

Magnetic Eields

Generate radial E- or B-field
using Ultrahigh-lIntensity.
Lasers (LLNL, UNR, UT):

s power intensity =~ 10 -
1026 W/em? (10=° W/cm?
using SLLAC),
peak power pulse < 102 fs

o B-fields: several x 10° T,

Pmag — Several x 10° J/im=

o E-fields: 104 — 1018 V/m,
Pelec = 1016 — 1028 J/m?

e Possible te generate km
— AU sized wormholes in
the lab: need static E,B

Initial short pulse
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High-energy pulse

Metallic

Short-pulse oscillator 5
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Long, low pulse

High-energy

Second pair of ultrashort pulse

metallic gratings



Lalb Examples: (Electromagnetic)
Casimir Effect

e Construct (spherically symmetric) wormhole using
Casimir Effect: two cloesely spaced, concentric, thin
electrically charged hollew spherical plates the size of
Earth’s orbit (= 102 km) to create negative Casimir enerqgy.

WAV G % d = cavity plate separation
d=(7 1 / _ :
( AO) wh 43 I, = Wormhole throat radius

(4.05 x 107 ) NLW WEES) Morris, Thorne & Yurtsever (1988)

o I,= 1 km:d=1.28x 107 m (<< nuclear diameter), pgc = —4.83 x 10°¢ J/m?

o 1= 41AU:d=1.57x 10 m (< electron’s Compton X), pec =—2.16 x 102° J/m?

= Miniscule d unrealistic because Casimir Effect switches over
Inte non-retarded field behavior (- d>3) of van der Waals forces
when d < 15 nm where plates are no longer perfectly
conducting
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_abh Examples: Squeezed VVacuum

Sgueezed vacuum state consists ofi a traveling
electromagnetic wave that escillates back and forth
between negative and positive energy density, but has
poesitive time-averaged energy density,

Sgueezed Electromagnetic Vacuum:

— moving seme quantum-fluctuations of EM field out of
coso(t —z/c) part of the field and inte sino(t — z/c) part

—  0One can “sgueeze™ variance of one observable provided
variance in conjugate ebservable Is stretched

— observable that gets sgueezed will have its fluctuations
reduced below the vacuum ZPE

Since the vacuum Is defined to have vanishing energy.
densiity, any region withi less energy density than the
vacuum actually has a negative (renoermalized)
expectation value for the energy density



Experimental Sgueezed Vacuum
sSource

> Ries, Brezger, Lvoevsky (2003), “Experimental Vacuum
Sgueezing In Rubidium Vapor via Self-Retation,” Phys.
Rev. A, 68, 025801

> “...we demonstrate a simple, scalable squeezed
vacuum source which consists In essence of a
continueus-wave (ecw) diode laser and an atemic
rubidium vapor cell.”
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Device Concept: Quantum Optical
“Squeezing” of Light Effect

[_aser: beam 1S passedi thru LINBO; resonator;, Which acts
to produce secondary lower freguency. beam in which
pattern off photons Is rearramnged Into pairs. +

Positive Energy.

Rotating|/ Redirector Pulses

Mirror System

ILaser &
LINBO, L & & & &

Resonator

Negative/positive eneragy.
pulses are ~ 107*° second
duration

Negative Energy.

Pulses Concentrated

Negative Energy.

Sgueezed light bean emerges from resonator
containing pulses of negative eneray.
Interspersed with pulses off positive energy.
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Device Concept: Quantum Optical

| “Squeezing” of Light Effect
= Or a chamber ofi sedium gas Is placed within squeezing
cavity, and laser beam Is directed thru gas:

— peam Is reflected back on itself by a mirror te form standing

soedium thus causing rapid variations In the squeezed light so
that we can Induce rapid reflections of pulses by careful
design

W .

|
MIRROR

: .
wave within sedium chamber
4 — this wave causes rapid variations in optical properties of the

~“~ MIRROR



Device Concept: Quantum Optical
“Squeezing” of Light Effect

Another way to squeeze light would be te manufacture
extremely reliable light pulses containing precisely ene,
two, three, etc. phoetons apiece and combine them
tegether to create squeezed states to order.

— Superimposing many such states could theoretically
produce bursts of Intense negative enerqy.

& o0 o0 o0 o0
000 000 000 000 00 Bursts of Intense Negative Energy.
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Single Photon Source in the Lab

> Rabeau, J. R., et al. (2004), “Fabrication of single
nickel-nitrogen defects 1n diamoend by chemical vapor
deposition,” arxiv.org/cond-mat/0411245

> Rabeau, J. R., et al. (2004), “Diamond chemical vapor
deposition on optical fibers for fluerescence
waveguiding,” arxiv.org/cond-mat/0411249

> uUsed a microwave oven to fuse a tiny diamond, Jjust
1/1000™ of a millimeter in length, onto an optical fiber,
to create a single phoeton beam of light

LR L
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' ~ Traversable Wormholes
4,

= Hyperspace tunnels
thru spacetime, which
can:

connect remote regions
within our universe

+

A
& &

+

connect different
universes

A

+

connect different space
dimensions (for higher
dimensienal woermholes)

A

v =

connect different
chroenoloegical periods
Within the same space
region (time machine!)

A

s This ETL spacetime
violates the NEC

&
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Engineering Woermholes: How.
Much Negative Mass-Energy. Is
Reqgquired?

Negative Mass Required to Create Wormhole of Given Size
Wormhole throat radius, rirea: (Meters) Required mass, Myn

1000 —709.9 M,
100 —71 M;
10 —7.1 M,

1 —-0.71 M;
0.1 —22.6 Mg
01 —2.3 Mg

M; = 1.90 x 10°" kg, mass of Jupiter
Mg = 5.98 x 10** kg, mass of Earth

r

throat

1 meter

2
M =-%=-(0.?1MJ)

wh
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Warp Drives

Alcubierre plus several
Incarnations developed:

Provides for simultaneous
expansion of space behind a
Spacecraft & corresponding
contraction ofi space Iin front
off spacecrait

World lines inside warp field
region are spacelike as
viewed by outside observers
— gives FTL motion effect

Spacecraft’'s moving frame
never travels outside its local
comoving light cene, thus
dees not violate Special
Relativity

This ETL spacetime
vielates the WEC & NEC
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| l Net Toetall Negative Energy.
’ Required for Warp Bubble
-
. = = 3m-1
szvarp C4 RZG (Assume: R=50m, ¢ =10°m™)
= = — Warp Factor, v, . Required E
warp warp warp
G (Joules)
(in Joules) 1075 (= 3 km/sec) —3.03 x 1040
Viarp = dimensionless warp speed 107 (= 30 km/sec) —3.03 x 10
R = radius of warp bubble 0.01 (= 3,000 km/sec) —3.03 x 106
o oc 1/A (inverse warp bubble 0.5 (= 150,000 km/sec) —7.59 x 10%
wall thickness) 1 (= speed of light) ~3.03 x 1050
2 (= 600,000 km/sec) —-1.21 x 10°!
10 (= 3.0 x 108 km/sec) —3.03 x 10
Note: (positive) mass-energy - : o
of Sun is 1.79 x 1047 Joules 100 (— 3.0x 10 km/SEC) -3.03 x 10
1 ¢ = speed of light (3 x 10°> km/sec)
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Quantum Inegualities Conjecture

Model dependent time integrals ofi energy density along
geodesics — for massless test particles

— relates energy density of a free guantum fieldl & time during
which energy density Is ebserved

Energy Condition Vielating “Stuff” all vielate the Ol

Visser (1997): Observational data indicates that large amounts
off “exotic™ matter is required to exist in universe to account for
observed cosmoelogical evelution parameters & halo star age

QI have not been verified by lab experiments or
observational data

Assumptions, efficacy of derivations for various cases
have been called into guestion by numerous Investigators

Krasnikov (2005) constructed explicit counterexample for
simple, generalized ETL spacetimes showing relevant Ol
doe net held

Therefore, we will ignere the Ol conjecture



Superior Quantifier for Energy.
Condition Vielations & Negative
Energy.

LR L

Spatial velume (definrte)
Integrals:

Measures both WEC &
NEC violations

Amount of WEC/NEC
vielation Is definedl as
extent to which integrals
become negative

Value off integrals
provides info about total
amount off WEC/NEC
vielating matter must be
used to build any ETLC
Spacetime

Integrals can be adjusted
to become vanishingly,
small by appropriate
choilce of parameters

Examples can be
constructed whereby
vielations can hbe made
arbitrarily small — but not
vanish entirely

JpE dv; J(pE T pi)dV

Pe = energy density
p; = pressures

dV = 4xr2dr or (g,,eic) Y dr d6 do



Case 1: lrraversable Wormholes —
A New Reqguirement on Negative
Enerqgy.

ALL Traversable Woermhole spacetimes new.
only reguire arbitrarily, small guaniities of
negative mass-energy (Visser, Kar and
Dadhich, 2003):

pe =0

<j> p,dV — 0 (radial pressure volume integral)

NOTE: Nonlinearity of Einstein field eguations dictates that
the total mass-energy ofi the woermhole system ~ 0

LR L
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Detailed energy analysis
& nonlinearity off Einstein
field egns. Impacts
coupling of inite
Spacecraiit mass w/ each
sSide off a wermhele's
throeat (or the mouth on
each side of the throat)

Specialized mass
conservation law for
combined system of
Spacecrailft & woermhole:

— finite mass spacecraiit
traversing a wormhole
alters the (eguivalent)
mass ofi the wormhole
mouiths they pass throeugh

dditional Constraints on
raversable Wormholes

Entrance mouith abserbing
Spacecrailt gains (eguiv.)
mass while exit mouth
emitting It loses (equiv.)
mass

Suggests, buit does not
prove, the possibility of
fundamental limrt on tetal
mass that can traverse a
woermhele

For sufficiently large net
transfer off mass the final
(eguiv.) mass of exit

mouth becomes negative

Beneficial result because
NEC violations are
required to held wermhele
threat epen



Case 2: \Walrjp Drives

Alcubrerre & other warp drive incarnations are flawed:
only consider spaceship as massless test particle moeving
on geodesic, not coupled te warp bubble

Correct approeach: finite mass spaceship coupled te warp
bubble

— pet total energy stored in warp field < total mass-energy of
spaceship

— Intrinsic noenlinearity of Einstein field eguations
— gives poweriul constraint en warp speed

— can only achieve absurdly low sulb-light speeds for any
reasenable engineering parameters

snip = Mass of spaceship

M, A2
Viary < (7.41x1028)($j M

R = radius of warp bubble

Frrreye

A = warp bubble wall thickness
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Produces unique
signature coerresponding
to lensing, chromaticrty.
and Intensity effects in
micro- and macro-lensing
events on galactic,
extragalactic,
cosmological scales

Effects provide specific
signature allewing for
discrimination between
ordinary and negative
energy lenses via spectral
analysis off astronoemical
lensing events

Observing Negative Energy:
Optical Method

Real background sources
In lensing events can
have noen-uniferm
pPrightness distributions
on| thelr surfaces and a
dependency of thelr
emission with the
observing frequenecy.

— these complications
result in chrematicity.
effects, I.e. in spectral
changes induced! by
differentiall lensing| during
the event

Musit be developed for lalb-
Scale experiments



Optical Method

Response of switched
particle detectors to
static negative energy.
densities/fluxes:

— based on free
(massless) scalar field
In flat 4-dimensional
Minkewski spacetime

— Standard moenepole
detector switched
on/off te concentrate
measurements on
periods of Isolated
negative energy.
density/filux

— Includes switching
factor, 5 switching
functions evaluated

T AL A A

Observing Negative Energy: Non-

Result: Negative energy.
has efffect off enhancing
deexcitation (Induce
cooling) of a detector

Cannot draw, firm
conclusion because
modeling| Iis enly 1st order
In perturbation theory:

— not pessible to predict If
enhanced cooling Is due
te small vielation of
ENErgy. conservation
expected In any Process
In which a general
guantum state collapses
to an energy eigenstate

—  Or Ifi It Is a systematic
reduction in the energy of
detector
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Conclusion

Two forms off ETL spacetimes identified by Einstein’s GR:
traversable woermholes & warp drives

—  reqguire introduction of negative energy densities/fluxes to Implement

Detailed energy analysis shows that all warp drives are not
technoelogically practical te implement

— high total negative eneray — absurdly low sub-light speeds

Detailed energy analysis shows that traversable wormholes
appear te be the moest practical to Implement
—  arbitrarily smalllamounts of negative eneragy required

We already make small amoeunts of negative energy. in the lab

— don’t knoew Iiff we can acecess larger amounts for extended periods of
time over extended spatial distributions

Proposals for optical observation off negative energy In outer
space
— further work is needed to downscale astronomical technigues for use
at the lab scale

Need to firm up our understanding of how nen-eptical lab
detectors will respond te negative energy In situ



