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Six different Natario warp drive spacetime metric equations.

Fernando Loup *
Residencia de Estudantes Universitas Lisboa Portugal

August 28, 2018

Abstract

Warp Drives are solutions of the Einstein Field Equations that allows superluminal travel within the
framework of General Relativity. There are at the present moment two known solutions: The Alcubierre
warp drive discovered in 1994 and the Natario warp drive discovered in 2001.Alcubierre used the so-called
3+1 original Arnowitt-Dresner-Misner(ADM) formalism using the approach of Misner-Thorne-Wheeler
to develop his warp drive theory.As a matter of fact the first equation in his warp drive paper is derived
precisely from the original 3 + 1 ADM formalism and we have strong reasons to believe that Natario
which followed the Alcubierre steps also used the original 34+ 1 ADM formalism to develop the Natario
warp drive spacetime.Several years ago some works appeared in the scientific literature advocating two
new parallel 3 +1 ADM formalisms.While the original ADM formalism uses mixed contravariant and
covariant scripts one of the new parallel formalisms uses only contravariant scripts while the other uses
only covariant scripts.Since the Natario vector is the generator of the Natario warp drive spacetime metric
in this work we expand the original Natario vector including the coordinate time as a new Canonical
Basis for the Hodge star generating an expanded Natario vector and we present 6 equations for the
Natario warp drive spacetime 3 of them with constant velocities one for the original ADM formalism
and 2 other for the parallel formalisms. We also present the corresponding 3 extended versions of the
Natario warp drive spacetime metric which encompasses accelerations and variable velocities both in the
original and parallel ADM formalisms.

*spacetimeshortcut@yahoo.com



1 Introduction:

The Warp Drive as a solution of the Einstein field equations of General Relativity that allows superluminal
travel appeared first in 1994 due to the work of Alcubierre.([1]) The warp drive as conceived by Alcu-
bierre worked with an expansion of the spacetime behind an object and contraction of the spacetime in
front.The departure point is being moved away from the object and the destination point is being moved
closer to the object.The object do not moves at all'.It remains at the rest inside the so called warp bubble
but an external observer would see the object passing by him at superluminal speeds(pg 8 in [1])(pg 1 in [2]).

Later on in 2001 another warp drive appeared due to the work of Natario.([2]).This do not expands
or contracts spacetime but deals with the spacetime as a ”strain” tensor of Fluid Mechanics(pg 5 in [2]).
Imagine the object being a fish inside an aquarium and the aquarium is floating in the surface of a river but
carried out by the river stream.The warp bubble in this case is the aquarium whose walls do not expand or
contract. An observer in the margin of the river would see the aquarium passing by him at a large speed
but inside the aquarium the fish is at the rest with respect to his local neighborhoods.

However there are 3 major drawbacks that compromises the warp drive physical integrity as a viable
tool for superluminal interstellar travel.

The first drawback is the quest of large negative energy requirements enough to sustain the warp bubble.
In order to travel to a "nearby” star at 20 light-years at superluminal speeds in a reasonable amount of
time a ship must attain a speed of about 200 times faster than light.However the negative energy density
at such a speed is directly proportional to the factor 10*® which is 1.000.000.000.000.000.000.000.000 times
bigger in magnitude than the mass of the planet Earth!!!(see [7],[8],[9],[10] and [18]).

Another drawback that affects the warp drive is the quest of the interstellar navigation:Interstellar space is
not empty and from a real point of view a ship at superluminal speeds would impact asteroids,comets,interstellar
space dust and photons.(see [5],[7],[8] and [18]).

The last drawback raised against the warp drive is the fact that inside the warp bubble an astronaut can-
not send signals with the speed of the light to control the front of the bubble because an Horizon(causally
disconnected portion of spacetime)is established between the astronaut and the warp bubble.(see [5],[7]
and [8]).

We can demonstrate that the Natario warp drive can ”easily” overcome these obstacles as a valid can-
didate for superluminal interstellar travel(see [7],[8],[9],[10] and [18]).

In this work we cover only the Natario warp drive and we avoid comparisons between the differences
of the models proposed by Alcubierre and Natario since these differences were already deeply covered by
the existing available literature.(see [5],[6] and [7])However we use the Alcubierre shape function to define
its Natario counterpart.

1do not violates Relativity



Alcubierre([12]) used the so-called 3+ 1 original Arnowitt-Dresner-Misner(ADM) formalism using the
approach of Misner-Thorne-Wheeler(MTW)([11]) to develop his warp drive theory.As a matter of fact the
first equation in his warp drive paper is derived precisely from the original 3 +1 ADM formalism(see eq
2.2.4 pgs [67(b)],[82(a)] in [12], see also eq 1 pg 3 in [1])?3 and we have strong reasons to believe that
Natario which followed the Alcubierre steps also used the original 3 + 1 ADM formalism to develop the
Natario warp drive spacetime.

The Natario warp drive equation that obeys the original 3 + 1 ADM formalism is given below:

ds? = (1 — X s X — Xg XV dt? + 2(X,sdrs + Xpdf)dt — drs® — rs>df> (1)

Several years ago some works appeared in the scientific literature ([16] and [17]) advocating two new
parallel 34+1 ADM formalisms.While the original ADM formalism uses mixed contravariant and covariant
scripts one of the new parallel formalisms uses only contravariant scripts while the other uses only covariant
scripts.

The Natario warp drive equation that obeys the parallel contravariant 3 + 1 ADM formalism is given
below:

ds® = [1-— (X”)2 - (XG)Q]alt2 +2[X"drs + Xersdﬂdt — drs® — rs*db? (2)

The Natario warp drive equation that obeys the parallel covariant 34+1 ADM formalism is given below:

ds® = [1 — (X,4)? — (X9)?|dt* 4 2[X,sdrs + Xgrsdf]dt — drs® — rs*db? (3)

However some important things must be outlined in both the Alcubierre and Natario warp drive
spacetimes or the works in ([16] and [17]) :

e 1)-The warp drives as proposed by Alcubierre,Natario or the works in ([16] and [17]) always have a
constant speed vs.They do not accelerate or de-accelerate and travel always with a constant speed.But
a real warp drive must ”know” how to accelerate for example from 0 to a speed of 200 times faster than
light in the beginning of an interstellar journey and in the end of the journey it must de-accelerate
again to 0 in the arrival at the destination point which means to say of course a distant star.

e 2)-The warp drives as proposed by Alcubierre or Natario always have a constant speed vs raised to
the square in their equations for the negative energy density.An accelerating warp drive probably
must have the terms of variable velocities or accelerations included in the expression for the negative
energy density since this energy is responsible for the generation of the warp drive spacetime.

Zsee also Appendix E
3see the Remarks section on our system to quote pages in bibliographic references



Since the Natario vector is the generator of the Natario warp drive spacetime metric in this work we
expand the original Natario vector including the coordinate time as a new Canonical Basis for the Hodge
star generating an expanded Natario vector and extended versions of the Natario warp drive spacetime
metric which encompasses accelerations and variable velocities.

Our proposed extended Natario warp drive metric with variable velocity vs due to a constant acceler-
ation a in the 3 4+ 1 original ADM formalism is given by the following equation:

ds? = (1 —2X; + X, X! — X, X" — X XO)dt? + 2(X,odrs + Xpdf)dt — drs® — rs®df? (4)
Our proposed extended Natario warp drive metric with variable velocity vs due to a constant acceler-
ation a in the 3 4 1 parallel contravariant ADM formalism is given by the following equation:
ds? = (1 —2X' 4+ (X2 — (X7)? — (X9)?)dt? + 2(X"*drs + X rsd)dt — drs® — rs>df> (5)
Our proposed extended Natario warp drive metric with variable velocity vs due to a constant acceler-
ation a in the 3 4+ 1 parallel covariant ADM formalism is given by the following equation:
ds® = (1 —2Xy + (X1)? — (Xps)? — (Xp)?)dt? + 2(X,sdrs + Xgrsdf)dt — drs® — rs*df> (6)

Note that in these equations when compared with the equations given in the previous page new sets
of contravariant and covariant components X' and X; appears because in these cases as the velocity vs
changes its value as times goes by due to a constant acceleration a this affects the whole spacetime geom-
etry in all these equations.

Note that in the original ADM formalism mixed contravariant and covariant terms X' and X; appears
together while in the contravariant parallel ADM formalism only the contravariant term X* appears and
in the covariant parallel ADM formalism only the covariant term X; appears.

Two important things must be outlined by now:

e 1)-The Natario shape function used in the equations with constant speed is valid also in the equations
with variable speed.

e 2)-All these equations satisfies the Natario criteria for a warp drive spacetime.

In this work we present the new extended equations for the Natario warp drive spacetime which en-
compasses accelerations and variable speeds using also both the original and parallel ADM formalisms and
we arrive at the conclusion that the new equations are also valid solutions for the warp drive spacetime
according to the Natario criteria.

For the study of the original ADM formalism we use the approaches of MTW ([11]) and Alcubierre([12])
and we adopt the Alcubierre convention for notation of equations and scripts.

We adopt here the Geometrized system of units in which ¢ = G = 1 for geometric purposes and the
International System of units for energetic purposes.



This work is organized as follows:

e Section 2)-Introduces the Natario warp drive continuous shape function able to low the negative
energy density requirements when a ship travels with a speed of 200 times faster than light.
The negative energy density for such a speed is directly proportional to the factor 10*® which is
1.000.000.000.000.000.000.000.000 times bigger in magnitude than the mass of the planet Earth!!!.

e Section 3)-presents the original equation for the Natario warp drive spacetime with a constant velocity
vs in the original 3+1 ADM formalism in a rigorous mathematical fashion.We recommend the study
of the Appendices A and F at the end of the work in order to fully understand the mathematical
demonstrations.

e Section 4)-presents the extended equation for the Natario warp drive spacetime with a variable veloc-
ity vs and a constant acceleration a in the original 3+ 1 ADM formalism in a rigorous mathematical
fashion.We recommend the study of the Appendices B,C' and F at the end of the work in order to
fully understand the mathematical demonstrations.

e Section 5)-presents the original equation for the Natario warp drive spacetime with a constant ve-
locity vs in the 3 4+ 1 parallel contravariant ADM formalism in a rigorous mathematical fashion.We
recommend the study of the Appendix H at the end of the work.

e Section 6)-presents the original equation for the Natario warp drive spacetime with a variable velocity
vs and a constant acceleration a in the 3 + 1 parallel contravariant ADM formalism in a rigorous
mathematical fashion.We recommend the study of the Appendix I at the end of the work.

e Section 7)-presents the original equation for the Natario warp drive spacetime with a constant velocity
vs in the 3+ 1 parallel covariant ADM formalism in a rigorous mathematical fashion. We recommend
the study of the Appendix J at the end of the work.

e Section 8)-presents the original equation for the Natario warp drive spacetime with a variable velocity
vs and a constant acceleration a in the 3 + 1 parallel covariant ADM formalism in a rigorous
mathematical fashion.We recommend the study of the Appendix K at the end of the work.

e Section 9)-compares all these original and extended equations and we point out the fact that the
shape function used in one equation is also valid in the other equations and since the derivatives of
first or second order of the shape function low the negative energy density requirements in the one
of these equations these derivatives may perhaps be able to low the same requirements in the other
equations.We also point out that in the 1 + 1 spacetime all these equations can be reduced to two
equivalent forms one form for constant speeds and another form for variable speeds.



The warp drive as an artificial superluminal geometric tool that allows to travel faster than light may
well have an equivalent in the Nature.According to the modern Astronomy the Universe is expanding and
as farther a galaxy is from us as faster the same galaxy recedes from us.The expansion of the Universe is
accelerating(see preface of second edition and pg [337(a)], [337)b)] in [13]) and if the distance between us
and a galaxy far and far away is extremely large the speed of the recession may well exceed the light speed
limit.(see pgs [106(a)], [98(b)] in [23] and pgs [394(a)][377(b)] in [24] pgs [119(a)][226(b)] in [28]).

It is very important to note that if a galaxy in the other side of the Universe at a billion light-years of
distance outside the range of our Particle Horizon is moving away from us at a faster than light speed then
superluminal velocities may well exists in Nature.So the warp drive may not be impossible at all.Natario
also points out exactly this.(see pgs [10] and [11] in [29]).

What Alcubierre and Natario did was an attempt to reproduce the expansion of the Universe in a local way
creating a local spacetime distortion that expands the spacetime behind a ship and contracts spacetime
in front reproducing the superluminal expansion of the Universe moving away the departure point in an
expansion and bringing together the destination point in a contraction.The expansion-contraction can be
seen in the abs of the original Alcubierre paper in [1].Although Natario says in the abs of his paper in [2]
that the expansion-contraction does not occurs in its spacetime in pg 5 of the Natario paper we can see
the expansion-contraction occurring however the expansion of the normal volume elements or the trace of
the extrinsic curvature is zero because the contraction in the radial direction is exactly balanced by the
expansion in the perpendicular directions.

An excellent explanation on how a spacetime distortion or a perturbation pushes away a spaceship from
the departure point and brings the ship to the destination point at faster than light speed can be seen
at pg 34 in [21],pgs [260(a)260()][261(a)261(b)] in [22].Note that in these works it can be seen that the
perturbation do not obeys the time dilatation of the Lorentz transformations hence the speed limit of
Special Relativity cannot be applied here.

An accelerated warp drive can only exists if the astronaut in the center of the warp bubble can some-
how communicate with the warp bubble walls sending instructions to change its speed.But for signals at
light speed the Horizon exists so light speed cannot be used to send signals to the front of the bubble.(see
pg 16 in [7] and pg 21 in [8]).Besides in the Natario warp drive the negative energy density covers the entire
bubble.(see pg 52 in [7] and pg 51 in [8]).Since the negative energy density have repulsive gravitational
behavior the photon of light if possible to reach the bubble walls would then be deflected by the repulsive
behavior never reaching the bubble walls(see pg [116(a)][116(b)] in [26])

The solution that allows contact with the bubble walls was presented in pg 28 in [7] and pg 31 in [8].
Although the light cone of the external part of the warp bubble is causally disconnected from the astro-
naut who lies inside the large bubble he(or she) can somehow generate micro warp bubbles and since the
astronaut is external to the micro warp bubble he(or she) contains the entire light cone of the micro bubble
so these bubbles can be ”engineered” to be sent to the large bubble. This idea seems to be endorsed by pg
34 in [21],pgs [268(a)268(b)] in [22] where it is mentioned that warp drives can only be created or controlled
by an observer that contains the entire forward light cone of the bubble.

Although this work was written to be independent self-contained and self-consistent it must be regarded
as a companion work to our works in [16],[17] and in [20].



2 The Natario warp drive continuous shape function

Introducing here f(rs) as the Alcubierre shape function that defines the Alcubierre warp drive spacetime
we can construct the Natario shape function n(rs) that defines the Natario warp drive spacetime using its

Alcubierre counterpart.Below is presented the equation of the Alcubierre shape function.?.
1
f(rs) = 5[1 — tanh|Q(rs — R)] (7)
rs = /(x — x5)2 +y2 + 22 (8)

According with Alcubierre any function f(rs) that gives 1 inside the bubble and 0 outside the bubble
while being 1 > f(rs) > 0 in the Alcubierre warped region is a valid shape function for the Alcubierre
warp drive.(see eqs 6 and 7 pg 4 in [1] or top of pg 4 in [2]).

In the Alcubierre shape function zs is the center of the warp bubble where the ship resides. R is the
radius of the warp bubble and @ is the Alcubierre parameter related to the thickness.According to Alcu-
bierre these can have arbitrary values.We outline here the fact that according to pg 4 in [1] the parameter
@ can have arbitrary values.rs is the path of the so-called Eulerian observer that starts at the center of
the bubble s = R = rs = 0 and ends up outside the warp bubble rs > R.

According to Natario(pg 5 in [2]) any function that gives 0 inside the bubble and % outside the bubble
while being 0 < n(rs) < % in the Natario warped region is a valid shape function for the Natario warp drive.

The Natario warp drive continuous shape function can be defined by:

1
n(rs) = 31~ f(rs) 9
1 1
n(rs) = 5[1 - [5[1 — tanh[Q(rs — R)]]]] (10)
This shape function gives the result of n(rs) = 0 inside the warp bubble and n(rs) = 1 outside the warp

bubble while being 0 < n(rs) < 3 in the Natario warped region.

Note that the Alcubierre shape function is being used to define its Natario shape function counterpart.

For the Natario shape function introduced above it is easy to figure out when f(rs) = 1(interior of
the Alcubierre bubble) then n(rs) = O(interior of the Natario bubble) and when f(rs) = 0(exterior of the
Alcubierre bubble)then n(rs) = 3 (exterior of the Natario bubble).

“tanh[@(rs + R)] = 1,tanh(@R) = 1 for very high values of the Alcubierre thickness parameter @ >> |R|



Another Natario warp drive valid shape function can be given by:
1
n(rs) = [5ll1 = f(rs) " FTVE (11)
Its derivative square is :
1 _ _
n'(rs)? = [Z]WF‘l[l — frs) " FPVED (£ (rg) XD 1 (rs)? (12)

The shape function above also gives the result of n(rs) = 0 inside the warp bubble and n(rs) =
outside the warp bubble while being 0 < n(rs) < 3 in the Natario warped region(see pg 5 in [2]).

N[ =

Note that like in the previous case the Alcubierre shape function is being used to define its Natario
shape function counterpart. The term WF' in the Natario shape function is dimensionless too:it is the
warp factor.It is important to outline that the warp factor W F >> |R| is much greater than the modulus
of the bubble radius.

For the second Natario shape function introduced above it is easy to figure out when f(rs) = 1(interior of
the Alcubierre bubble) then n(rs) = O(interior of the Natario bubble) and when f(rs) = 0(exterior of the
Alcubierre bubble)then n(rs) = % (exterior of the Natario bubble).

e Numerical plot for the second shape function with @ = 50000 R = 100 meters and warp factor with
a value WF = 200

s f(rs) | n(rs) f'(rs)? n'(rs)?
9,99970000000E + 001 1 0 2,650396620740E — 251 0
9,99980000000F + 001 1 0 1,915169647489F — 164 0
9,99990000000E + 001 1 0 1, 383896564748 — 077 0
1,00000000000E 4+ 002 | 0,5 0,5 | 6,250000000000F 4 008 | 3,872591914849E — 103
1,00001000000£ + 002 0 0,5 | 1,383896486082L — 077 0
1,00002000000E + 002 0 0,5 | 1,915169538624F — 164 0
1,00003000000£ - 002 0 0,5 | 2,650396470082F — 251 0

e Numerical plot for the second shape function with @ = 75000 R = 100 meters and warp factor with
a value WF = 200

rs f(rs) | n(rs) f'(rs)? n'(rs)?
9,99980000000F + 001 1 0 5,963392481410F — 251 0
9,99990000000E + 001 1 0 1,158345097767E — 120 0
1,00000000000F + 002 | 0,5 0,5 | 1,406250000000F + 009 | 8,713331808411F — 103
1,00001000000E 4 002 0 0,5 | 1,158344999000E — 120 0
1,00002000000FE + 002 0 0,5 | 5,963391972940F — 251 0

e Numerical plot for the second shape function with @ = 100000 R = 100 meters and warp factor with
a value WF = 200

TS f(rs) | n(rs) f(rs)? n'(rs)?
9,99990000000F + 001 1 0 7,660678807684F — 164 0
1, 00000000000F + 002 0,5 0,5 2,500000000000F + 009 | 1,549036765940F — 102
1,00001000000F + 002 0 0,5 7,660677936765F — 164 0




The plots in the previous page demonstrate the important role of the thickness parameter @ in the warp
bubble geometry wether in both Alcubierre or Natario warp drive spacetimes.For a bubble of 100 meters
radius R = 100 the regions where 1 > f(rs) > 0(Alcubierre warped region) and 0 < n(rs) < &(Natario
warped region) becomes thicker or thinner as @ becomes higher.

Then the geometric position where both Alcubierre and Natario warped regions begins with respect to
R the bubble radius is rs = R — ¢ < R and the geometric position where both Alcubierre and Natario
warped regions ends with respect to R the bubble radius isrs = R+¢ > R

As large as @ becomes as smaller ¢ becomes too.

Note from the plots of the previous page that we really have two warped regions:

N[ =

e 1)-The geometrized warped region where 1 > f(rs) > 0(Alcubierre warped region) and 0 < n(rs) <
(Natario warped region).

e 2)-The energized warped region where the derivative squares of both Alcubierre and Natario shape
functions are not zero.

The parameter @ affects both energized warped regions wether in Alcubierre or Natario cases but is
more visible for the Alcubierre shape function because the warp factor W F in the Natario shape functions
squeezes the energized warped region into a very small thickness.

The negative energy density for the Natario warp drive is given by(see pg 5 in [2])

1 | 2 2
p="Tuu'v" = ——K;K" = U 3(n'(rs))? cos® 6 + (n'(rs) + En"(rs)) sin? @ (13)
167 8w 2

Converting from the Geometrized System of Units to the International System we should expect for
the following expression(see Appendix G):

02 U52

p=——=— |3(n(rs))?cos® 0 + (n’(rs) + En"(7’3)>2 sin” 0 (14)
G 87 2 '
Rewriting the Natario negative energy density in cartezian coordinates we should expect for(see Ap-
pendix D):
2.2 2
p=Touu’ =222 {3(71’(7«3))2(”3)2 + (W(rs) + gn"(rs)) (y)Z] (15)

rs



In the equatorial plane(1 + 1 dimensional spacetime with rs = x — zs ,y = 0 and center of the bubble
xs =0):

2,2
R

Cn [3(71/(7’8))2] (16)
Note that in the above expressions the warp drive speed vs appears raised to a power of 2. Considering
our Natario warp drive moving with vs = 200 which means to say 200 times light speed in order to make
a round trip from Earth to a nearby star at 20 light-years away in a reasonable amount of time(in months
not in years) we would get in the expression of the negative energy the factor ¢ = (3 x 10%)%2 = 9 x 106
being divided by 6,67 x 10~ giving 1,35 x 102" and this is multiplied by (6 x 10'%)2 = 36 x 10? coming
from the term vs = 200 giving 1,35 x 10?7 x 36 x 10%° = 1,35 x 107 x 3,6 x 10%! = 4,86 x 10%® Il

p=Tuu'v” =

A number with 48 zeros!!!The planet Earth have a mass® of about 6 x 10%*kg

This term is 1.000.000.000.000.000.000.000.000 times bigger in magnitude than the mass of the planet
Earth!!lor better:The amount of negative energy density needed to sustain a warp bubble at a speed of 200
times faster than light requires the magnitude of the masses of 1.000.000.000.000.000.000.000.000 planet
Earths!!!

Note that if the negative energy density is proportional to 10%*® this would render the warp drive im-
possible but fortunately the square derivative of the Natario shape function possesses values of 107192
ameliorating the factor 10*® making the warp drive negative energy density more ”affordable”. For a de-
tailed study of the derivatives of first and second order of the Natario shape function n(rs) see pgs 10 to
41 in [18]

Ssee Wikipedia:The free Encyclopedia
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3 The equation of the Natario warp drive spacetime metric with a
constant speed vs in the original 3+ 1 ADM formalism

The equation of the Natario warp drive spacetime in the original 3 + 1 ADM formalism is given by:(see
Appendix E for details )

ds® = (1 — X X — Xg XV dt? + 2(X,sdrs + Xpd0)dt — drs® — rs>do? (17)
The equation of the Natario vector nX (pg 2 and 5 in [2]) is given by:

nX = X"drs 4+ X%rsdf (18)

With the contravariant shift vector components X™* and X given by:(see pg 5 in [2])(see also Appendix
A for details )

X" = 2ugn(rs) cos (19)

X% = —v,(2n(rs) + (rs)n’(rs)) sin 6 (20)

The covariant shift vector components X,.; and Xy are given by:

Xrs = 2vsn(rs) cos (21)

Xy = —rs*vs(2n(rs) + (rs)n’(rs)) sin 6 (22)

Considering a valid n(rs) as a Natario shape function being n(rs) = % for large rs(outside the warp
bubble) and n(rs) = 0 for small rs(inside the warp bubble) while being 0 < n(rs) < 3 in the walls of the
warp bubble also known as the Natario warped region(pg 5 in [2]):

We must demonstrate that the Natario warp drive equation given above satisfies the Natario require-
ments for a warp bubble defined by:

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of rs
defined by Natario as the interior of the warp bubble and nX = vs(t)dz with X = vs for a large value of
rs defined by Natario as the exterior of the warp bubble with vs(t) being the speed of the warp bubble.(pg
4 in [2])

11



Natario in its warp drive uses the spherical coordinates rs and 6.In order to simplify our analysis we
consider motion in the z — axis or the equatorial plane rs where 6 = 0 sin(f) = 0 and cos(8) = 1.(see pgs
4,5 and 6 in [2]).

In a 1+ 1 spacetime the equatorial plane we get;:

ds® = (1 — X, o X")dt? + 2(Xysdrs)dt — drs? (23)

The equation above was written using both contravariant and covariant shift vector components of the
Natario vector at the same time.

Since X,s = X" the equation in the 1 + 1 spacetime can be written as given below:

e 1)-contravariant form;all the shift vector components of the Natario vector are contravariant

ds® = (1 — (X™)2)dt? + 2(X"drs)dt — drs> (24)

e 2)-covariant form:all the shift vector components of the Natario vector are covariant

ds? = (1— (er)Q)dtZ + 2(X,sdrs)dt — drs® (25)

The equal contravariant and covariant shift vector component X, and X" are then:

X" = X5 = 2vgn(rs) (26)

Remember that Natario(pg 4 in [2]) defines the z axis as the axis of motion.Inside the bubble n(rs) = 0
resulting in a X" = 0 and outside the bubble n(rs) = % resulting in a X"® = vs and this illustrates the

Natario definition for a warp drive spacetime.

12



4 The equation of the Natario warp drive spacetime metric with a

variable speed vs due to a constant acceleration a in the original 3+ 1
ADM formalism

The equation of the Natario warp drive spacetime in the original 3 +1 ADM formalism is given by:(see
Appendix F for details )

ds? = (1 = 2X; + X, X' — X, X" — XpXO)dt? + 2(X,sdrs + Xpdf)dt — drs® — rs>df> (27)
The equation of the Natario vector n.X is given by:

nX = X'dt + X"drs + X%rsdf (28)

The contravariant shift vector components X*, X" and X% of the Natario vector are defined by(see
Appendices B and C):

X' = 2n(rs)rscosfa (29)
X" = 2[2n(rs)? + rsn’(rs)|atcosh (30)
X% = —2n(rs)at[2n(rs) + rsn’(rs)] sin 6 (31)

The covariant shift vector components X3, X,s and Xy are given by:

X = 2n(rs)rscosfa (32)
X,s = 2[2n(rs)? + rsn/(rs)]atcosd (33)
Xg = —2n(rs)at[2n(rs) + rsn’(rs)]rs? sin (34)

Considering a valid n(rs) as a Natario shape function being n(rs) = % for large rs(outside the warp
bubble) and n(rs) = 0 for small rs(inside the warp bubble) while being 0 < n(rs) < 3 in the walls of the
warp bubble also known as the Natario warped region(pg 5 in [2]):

We must demonstrate that the Natario warp drive equation given above satisfies the Natario require-
ments for a warp bubble defined by:

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of rs
defined by Natario as the interior of the warp bubble and nX = vs(t)dx + xdvs with X = vs for a large
value of rs defined by Natario as the exterior of the warp bubble with vs(t) being the speed of the warp
bubble.(pg 4 in [2])
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Natario in its warp drive uses the spherical coordinates rs and 6.In order to simplify our analysis we
consider motion in the z — axis or the equatorial plane rs where 6 = 0 sin(f) = 0 and cos(8) = 1.(see pgs
4,5 and 6 in [2]).

In a 1+ 1 spacetime the equatorial plane we get;:

ds? = (1 = 2X; + Xi Xt — X, X7%)dt? + 2(X,sdrs)dt — drs* (35)

The equation above was written using both contravariant and covariant shift vector components of the
Natario vector at the same time.

Since X; = X! and X,; = X"® the equation in the 1 + 1 spacetime can be written as given below?:

e 1)-contravariant form;all the shift vector components of the Natario vector are contravariant

ds? = (1 —2X" 4+ (X% — (X"*)?)dt? 4+ 2(X"*drs)dt — drs> (36)

e 2)-covariant form:all the shift vector components of the Natario vector are covariant

ds® = (1 = 2X; + (Xy)? = (Xps)?)dt? + 2(Xpodrs)dt — drs® (37)

The equal contravariant and covariant shift vector component X; X! X,, and X"* are then:

X' = Xy = 2n(rs)rsa (38)

X" = X, = 2[2n(rs)? + rsn’(rs)]at (39)

The variable velocity vs due to a constant acceleration a is given by the following equation:

vs = 2n(rs)at (40)

Remember that Natario(pg 4 in [2]) defines the z axis as the axis of motion.Inside the bubble n(rs) =0
resulting in a vs = 0 and outside the bubble n(rs) = % resulting in a vs = at as expected from a variable
velocity vs in time t due to a constant acceleration a.Since inside and outside the bubble n(rs) always
possesses the same values of 0 or % then the derivative n’(rs) of the Natario shape function n(rs) is zero”
and the covariant shift vector X, = 2[2n(rs)?]at with X,.; = 0 inside the bubble and X,.; = 2[2n(rs)?]at =

2[2i]at = at = vs outside the bubble and this illustrates the Natario definition for a warp drive spacetime.

%in a geometrized system of units v = 1
"except in the neighborhoods of the bubble radius.See Section 2
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5 The equation of the Natario warp drive spacetime metric in the
parallel contravariant 3 +1 ADM formalism for a constant speed vs

The warp drive spacetime according to Natario for the coordinates rs and # in the parallel contravariant
3+ 1 ADM formalism is defined by the following equation:(see Appendix H for details )

ds? — [1— (er)Q — (X9)2]dt2 + 2[X"drs + Xersdﬁ}dt — drs® — rs*dh? (41)

The expressions for X™ and X are given by:(see pg 5 in [2],see also Appendix A for details)

X" = 2vgn(rs)cosb (42)

X% = —v,(2n(rs) + (rs)n’(rs)) sin 6 (43)
Looking both the equation of the Natario warp drive and the equation of the Natario vector n.X (pg 2
and 5 in [2]):

ds® = [1 — (X7*)? — (X?)%)dt* + 2[X" drs + X rsdo)dt — drs® — rs*dp? (44)

nX = X"drs + X%rsdf (45)
We can see that the Natario vector is completely inserted twice in the non-diagonalized components of

the metric of the Nayario warp drive equation which gives:

go1 = g10 = X"° = 2vsn(rs) cos b (46)

go2 = g20 = X% s = —vs(2n(rs) + (rs)n’(rs))rssin (47)

Since we have two sets of non-diagonalized components in the Natario warp drive equation and each
set possesses equal components of the Natario vector nX this is the reason why the Natario vector n.X
appears twice in the Natario warp drive equation.

Considering a valid n(rs) as a Natario shape function being n(rs) = 3 for large rs(outside the warp
bubble) and n(rs) = 0 for small rs(inside the warp bubble) while being 0 < n(rs) < 3 in the walls of the
warp bubble also known as the Natario warped region(pg 5 in [2]):

We can see that the Natario warp drive equation given in the previous page satisfies the Natario re-
quirements for a warp bubble defined by:

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of s
defined by Natario as the interior of the warp bubble and nX = —wvs(t)dx or nX = vs(t)dz with X = vs
for a large value of s defined by Natario as the exterior of the warp bubble with vs(t) being the speed of
the warp bubble.(pg 4 in [2])

The statement above can be explained in the following way:
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Consider the Natario vector nX (pg 2 and 5 in [2]) defined below as:

nX = X"drs 4+ X%rsdf (48)

The components of the Natario vector nX are X" and X% These are the shift vectors.Then a Natario
vector is constituted by one or more shift vectors.

When the Natario shape function n(rs) = 0 inside the bubble then X" = 2vsn(rs)cosf = 0 and
X% = —vy(2n(rs) + (rs)n’(rs))sin@ = 0.Then inside the bubble both shift vectors are zero resulting
in a zero Natario vector.

When the Natario shape function n(rs) = 3 outside the bubble then X" = 2v,n(rs)cosf = v, cos
and X% = —uvy(2n(rs) + (rs)n’(rs))sin@ = —vgsin . Then outside the bubble both shift vectors are not
zero resulting in a not zero Natario vector.

Natario in its warp drive uses the spherical coordinates rs and 6.In order to simplify our analysis we
consider motion in the = — axis or the equatorial plane rs where § = 0 sin(f) = 0 and cos(#) = 1.(see pgs
4,5 and 6 in [2]).

The Natario warp drive equation and the Natario vector nX in the equatorial plane 1 4+ 1 spacetime
now becomes:

ds? = 1- (XT’S)Q]dt2 + 2[X"drs]dt — drs® (49)

nX = X"drs (50)

The equation above was written using only contravariant shift vector components of the Natario vector.

Since X,s = X" the equation in the 1 + 1 spacetime can be written using only covariant shift vector
components of the Natario vector as given below:

ds® = (1 — (X,4)?)dt? 4 2(Xysdrs)dt — drs? (51)

The equal contravariant and covariant shift vector component X,s and X"® are then:

X" = X, 5 = 2vsn(rs) (52)

Note that the Natario vector n.X is still inserted twice in the Natario warp drive equation due to the
2 remaining non-diagonalized components which are:

go1 = g10 = X"° = 2vsn(rs) (53)

When the Natario shape function n(rs) = 0 inside the bubble then the shift vector X"¢ = 2vsn(rs) =0
.Then inside the bubble the shift vector X" = 0 is zero resulting in a zero Natario vector.

When the Natario shape function n(rs) = 3 outside the bubble then the shift vector X" = 2vn(rs) = v,
.Then outside the bubble both shift and Natario vectors are not zero and the shift vector is equal to the
bubble speed vs.Then if X™ = vs this explains the Natario affirmation of X = 0 inside the bubble and
X = vs outside the bubble.(pg 4 in [2])
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6 The equation of the Natario warp drive spacetime metric with a
variable speed vs due to a constant acceleration a in the parallel
contravariant 3 + 1 ADM formalism

The equation of the Natario warp drive spacetime in the parallel contravariant 3 + 1 ADM formalism is
given by:(see Appendix I for details )

ds? = (1 —2X' + (X2 — (X7)? — (X9)?)dt? + 2(X"*drs + X rsdf)dt — drs® — rs>df> (54)
The equation of the Natario vector n.X is given by:

nX = X'dt + X"*drs + X’rsdf (55)

The contravariant shift vector components X*, X" and X% of the Natario vector are defined by(see
Appendices B and C):

X' = 2n(rs)rscosfa (56)
X" = 2[2n(rs)? + rsn’(rs)|atcosh (57)
X% = —2n(rs)at[2n(rs) + rsn'(rs)) sin @ (58)

Considering a valid n(rs) as a Natario shape function being n(rs) = % for large rs(outside the warp
bubble) and n(rs) = 0 for small rs(inside the warp bubble) while being 0 < n(rs) < 3 in the walls of the
warp bubble also known as the Natario warped region(pg 5 in [2]):

We must demonstrate that the Natario warp drive equation given above satisfies the Natario require-
ments for a warp bubble defined by:

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of s
defined by Natario as the interior of the warp bubble and nX = vs(t)dx + xdvs with X = vs for a large
value of rs defined by Natario as the exterior of the warp bubble with vs(¢) being the speed of the warp
bubble.(pg 4 in [2])
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Natario in its warp drive uses the spherical coordinates rs and 6.In order to simplify our analysis we
consider motion in the z — axis or the equatorial plane rs where 6 = 0 sin(f) = 0 and cos(8) = 1.(see pgs
4,5 and 6 in [2]).

In a 1+ 1 spacetime the equatorial plane we get:

ds® = (1 —2X" + (X4)? — (X")?)dt? 4+ 2(X"Sdrs)dt — drs> (59)
The equation above was written only contravariant shift vector components of the Natario vector.
Since X; = X! and X,s = X"® the equation in the 1 + 1 spacetime can be written using only covari-
ant shift vector components of the Natario vector as given below®:
ds® = (1 —2X; + (X3)? — (Xps)?)dt? + 2(Xysdrs)dt — drs? (60)

The equal contravariant and covariant shift vector component X; X! X,, and X"* are then:

X' = Xy = 2n(rs)rsa (61)

X" = X, = 2[2n(rs)? 4 rsn/(rs)]at (62)

The variable velocity vs due to a constant acceleration a is given by the following equation:

vs = 2n(rs)at (63)

Remember that Natario(pg 4 in [2]) defines the z axis as the axis of motion.Inside the bubble n(rs) = 0
resulting in a vs = 0 and outside the bubble n(rs) = % resulting in a vs = at as expected from a variable
velocity vs in time t due to a constant acceleration a.Since inside and outside the bubble n(rs) always
possesses the same values of 0 or % then the derivative n'(rs) of the Natario shape function n(rs) is zero®
and the covariant shift vector X,s = 2[2n(rs)?]at with X, = 0 inside the bubble and X,s = 2[2n(rs)?|at =

2[2%]@ = at = vs outside the bubble and this illustrates the Natario definition for a warp drive spacetime.

8in a geometrized system of units v = 1
9except in the neighborhoods of the bubble radius.See Section 2
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7 The equation of the Natario warp drive spacetime metric in the
parallel covariant 3 +1 ADM formalism for a constant speed vs

The warp drive spacetime according to Natario for the coordinates rs and 6 in the parallel covariant 3 4 1
ADM formalism is defined by the following equation:(see Appendix J for details ).

ds® = [1 — (X,4)? — (X9)?|dt? 4 2[X,sdrs + Xgrsdf]dt — drs® — rs*db? (64)
Looking to the equation of the Natario vector n.X (pg 2 and 5 in [2]):

nX = X"drs + X%rsdf (65)

With the contravariant shift vector components X" and X? given by:(see pg 5 in [2],see also Appendix
A for details):

X" = 2ugn(rs) cos (66)

X% = —v,(2n(rs) + (rs)n'(rs)) sin @ (67)

But remember that di? = %-jdacidxj = dr? + r?df? with v, = 1,999 = > /s = 1 /Y99 = r and
r = rs.Then the covariant shift vector components X,; and Xy with r = rs are given by:

X =9 X" = Xps = Yrsrs X ° = 20gn(rs) cosf = X" = X" (68)

Xg =799 X? = rs® X% = —rs?v,(2n(rs) + (rs)n’(rs)) sin @ (69)
It is possible to construct a covariant form for the Natario vector nX defined as n.X as follows:

neX = X,sdrs + Xorsdf (70)

With the covariant shift vector components X,; and Xy defined as shown above:
Looking both the equation of the Natario warp drive and the equation of the covariant Natario vector
neX;

ds® = [1 — (X,s)* — (Xp)?|dt? + 2[X,sdrs + Xgrsdf)dt — drs® — rs>df> (71)

neX = X,sdrs + Xgrsdf (72)

We can see that the covariant Natario vector is completely inserted twice in the non-diagonalized
components of the metric of the Nayario warp drive equation which gives:

901 = g10 = Xys = 2vsn(rs)cosf = X" = X"° (73)

goz = 920 = Xors = rs3 X% = —rs3v,(2n(rs) + (rs)n’(rs)) sin @ (74)

Since we have two sets of non-diagonalized components in the Natario warp drive equation and each
set possesses equal components of the covariant Natario vector n.X this is the reason why the Natario
vector n.X appears twice in the Natario warp drive equation.
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Considering a valid n(rs) as a Natario shape function being n(rs) = 3 for large rs(outside the warp
bubble) and n(rs) = 0 for small rs(inside the warp bubble) while being 0 < n(rs) < 3 in the walls of the
warp bubble also known as the Natario warped region(pg 5 in [2]):

We can see that the Natario warp drive equation given in the previous page satisfies the Natario re-
quirements for a warp bubble defined by:

any covariant Natario vector n.X generates a warp drive spacetime if n.X = 0 and X = vs = 0 for a small
value of s defined by Natario as the interior of the warp bubble and n.X = —wvs(t)dzx or n.X = vs(t)dx
with X = vs for a large value of rs defined by Natario as the exterior of the warp bubble with vs(t) being
the speed of the warp bubble.(pg 4 in [2])

The statement above can be explained in the following way:

Consider again the covariant Natario vector n.X defined below as:

neX = X,¢drs + Xorsdf (75)

The covariant components of the Natario vector n.X are X,; and Xy.These are the covariant shift
vectors.Then a covariant Natario vector is constituted by one or more covariant shift vectors.

When the Natario shape function n(rs) = 0 inside the bubble then X, = 2vsn(rs)cosf = 0 and
Xp = —rs%vs(2n(rs) + (rs)n/(rs))sin@ = 0.Then inside the bubble both covariant shift vectors are zero
resulting in a zero covariant Natario vector.

When the Natario shape function n(rs) = 3 outside the bubble then X,, = 2vsn(rs)cosf = v, cosd
and Xy = —rs2vs(2n(rs) + (rs)n/(rs))sinf = —rs?vssinf.Then outside the bubble both covariant shift
vectors are not zero resulting in a not zero covariant Natario vector.

Natario in its warp drive uses the spherical coordinates rs and 6.In order to simplify our analysis we
consider motion in the = — axis or the equatorial plane rs where § = 0 sin(f) = 0 and cos(#) = 1.(see pgs
4,5 and 6 in [2]).

The Natario warp drive equation and the covariant Natario vector n.X in the equatorial plane 1 + 1
spacetime now becomes:

ds® = [1 — (X,4)?]dt? + 2[X,drs]dt — drs> (76)

The equation above was written using only covariant shift vector components of the Natario vector.

Since X,s = X% the equation in the 1+ 1 spacetime can be written using only contravariant shift vector
components of the Natario vector as given below:

ds® = (1 — (X™*)2)dt? + 2(X"drs)dt — drs> (77)
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The equal contravariant and covariant shift vector component X,s and X"® are then:

X" = X,s = 2vgn(rs) (78)

neX = X,¢drs (79)

Note that the covariant Natario vector n.X is still inserted twice in the Natario warp drive equation
due to the 2 remaining non-diagonalized components which are:

go1 = g10 = Xrs = 2vsn(rs) (80)

When the Natario shape function n(rs) = 0 inside the bubble then the covariant shift vector X,; =
2vsn(rs) = 0 .Then inside the bubble the covariant shift vector X,s = 0 is zero resulting in a zero covariant
Natario vector.

When the Natario shape function n(rs) = % outside the bubble then the covariant shift vector X,; =
2vsn(rs) = vs .Then outside the bubble both covariant shift and Natario vectors are not zero and the co-
variant shift vector is equal to the bubble speed vs.Then if X,.; = vs this explains the Natario affirmation
of X =0 inside the bubble and X = vs outside the bubble.(pg 4 in [2])
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8 The equation of the Natario warp drive spacetime metric with a
variable speed vs due to a constant acceleration a in the parallel
covariant 3+ 1 ADM formalism

The equation of the Natario warp drive spacetime in the parallel covariant 3 +1 ADM formalism is given
by:(see Appendix K for details )

ds® = (1 = 2X; + (X))? — (X»s)? — (Xp)H)dt? + 2(X,sdrs + Xgrsdf)dt — drs* — rs*dh? (81)
The equation of the Natario vector n.X is given by:

nX = X'dt + X"*drs + X’rsdf (82)

The contravariant shift vector components X*, X" and X% of the Natario vector are defined by(see
Appendices B and C):

X' = 2n(rs)rscosfa (83)
X" = 2[2n(rs)? + rsn’(rs)|atcosh (84)
X% = —2n(rs)at[2n(rs) + rsn’(rs)] sin 6 (85)

The covariant shift vector components X3, X,s and Xy are given by:

X = 2n(rs)rscosfa (86)
X,s = 2[2n(rs)? + rsn/(rs)]atcosd (87)
Xg = —2n(rs)at[2n(rs) + rsn’(rs)]rs? sin (88)

Considering a valid n(rs) as a Natario shape function being n(rs) = % for large rs(outside the warp
bubble) and n(rs) = 0 for small rs(inside the warp bubble) while being 0 < n(rs) < 3 in the walls of the
warp bubble also known as the Natario warped region(pg 5 in [2]):

We must demonstrate that the Natario warp drive equation given above satisfies the Natario require-
ments for a warp bubble defined by:

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of rs
defined by Natario as the interior of the warp bubble and nX = vs(t)dx + xdvs with X = vs for a large
value of rs defined by Natario as the exterior of the warp bubble with vs(t) being the speed of the warp
bubble.(pg 4 in [2])
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Natario in its warp drive uses the spherical coordinates rs and 6.In order to simplify our analysis we
consider motion in the z — axis or the equatorial plane rs where 6 = 0 sin(f) = 0 and cos(8) = 1.(see pgs
4,5 and 6 in [2]).

In a 1+ 1 spacetime the equatorial plane we get:

ds? = (1 —2X, + (X1)? — (X,)2)dt? + 2(X,drs)dt — drs® (89)
The equation above was written using only covariant shift vector components of the Natario vector.
Since X; = X and X,s = X" the equation in the 1+ 1 spacetime can be written using only contravariant
shift vector components of the Natario vector as given below!?:
ds? = (1 —2X" 4+ (X4)? — (X"*)?)dt? 4+ 2(X"*drs)dt — drs> (90)

The equal contravariant and covariant shift vector component X; X! X,, and X"* are then:

X' = Xy = 2n(rs)rsa (91)

X" = X, = 2[2n(rs)? 4 rsn/(rs)]at (92)

The variable velocity vs due to a constant acceleration a is given by the following equation:

vs = 2n(rs)at (93)

Remember that Natario(pg 4 in [2]) defines the z axis as the axis of motion.Inside the bubble n(rs) = 0
resulting in a vs = 0 and outside the bubble n(rs) = % resulting in a vs = at as expected from a variable
velocity vs in time t due to a constant acceleration a.Since inside and outside the bubble n(rs) always
possesses the same values of 0 or % then the derivative n/(rs) of the Natario shape function n(rs) is zero'!
and the covariant shift vector X,s = 2[2n(rs)?]at with X, = 0 inside the bubble and X,s = 2[2n(rs)?|at =

2[2%]@ = at = vs outside the bubble and this illustrates the Natario definition for a warp drive spacetime.

0in a geometrized system of units v = 1

"except in the neighborhoods of the bubble radius.See Section 2
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9 Differences and resemblances between all these equations with con-
stant or variable velocity vs in the original or parallel 3 +1 ADM
formalism for the Natario warp drive spacetime

The equation in 3+ 1 original ADM formalism for the Natario warp drive spacetime for a variable velocity
vs is given by:(see Appendices B,C and F for details )
ds? = (1 = 2X; + X, X' — X, X — XpXO)dt? + 2(X,sdrs + Xpdf)dt — drs® — rs>df> (94)
The equation in 3 4+ 1 original ADM formalism for the Natario warp drive spacetime for a constant
velocity vs is given by:(see Appendices A and F for details )
ds? = (1 — Xps X — XgX0)dt? + 2(X,sdrs + Xpdf)dt — drs® — rs>d6> (95)
The equation of the Natario warp drive spacetime for a variable velocity vs in the parallel contravariant
3+ 1 ADM formalism is given by:(see Appendix I for details )
ds? = (1 —2X' 4+ (X1)?2 — (X")2 — (X)) dt® + 2(X"%drs + Xrsdf)dt — drs* — rs>de* (96)
The equation of the Natario warp drive spacetime in the parallel contravariant 3 + 1 ADM formalism
for a constant velocity vs is given by:(see Appendix H for details )
ds? = [1 — (X")2 — (X))2)dt? + 2[X"*drs + X rsdf)dt — drs® — rs>d6* (97)
The equation of the Natario warp drive spacetime in the parallel covariant 3 +1 ADM formalism for
a variable velocity vs is given by:(see Appendix K for details )
ds® = (1 — 2X; + (X))? — (X0s)? — (Xp)2)dt? + 2(X,sdrs + Xgrsdd)dt — drs® — rs*dh? (98)
The equation of the Natario warp drive spacetime for a constant velocity vs in the parallel covariant
3+ 1 ADM formalism is give by:(see Appendix J for details ).
ds® = [1 — (X,s)? — (X9)?|dt* 4 2[X,sdrs + Xgrsd]dt — drs* — rs*db? (99)

Looking to the equations above we can see that the original ADM formalism uses both contravariant
and covariant shift vector components for the Natario vector while the parallel contravariant or covariant
ADM formalisms uses respectively only contravariant or covariant components.

Also from the previous sections we know that although in the 3 + 1 spacetime these equations are dif-
ferent between each other,but due to the equivalence between contravariant and covariant components in
the 1 4+ 1 spacetime all these equations can be reduced to the same form using contravariant or covariant
shift vector components in the case of the 1 + 1 spacetime however the form for variable velocity vs uses
the extra terms for the Natario vector due to the constant acceleration a which do not exists in the form
for fixed velocity vs
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The Natario vector for the equation with variable velocity vs is given by:

nX = Xtdt + X"*drs + X%rsdb (100)

The Natario vector for the equation with constant velocity vs is given by:

nX = X"drs + X%rsdf (101)

The contravariant and covariant components in the Natario vector for the equation with variable velocity
vs are given by:

o X' =2n(rs)rscosfa

o X" = 2[2n(rs)? + rsn’(rs)]atcosd

o X = —2n(rs)at[2n(rs) + rsn/(rs)]sinf

o X; = 2n(rs)rscosba

o X,s =2[2n(rs)? + rsn/(rs)|atcosd

o Xy = —2n(rs)at]2n(rs) + rsn’(rs)|rs?sind

The contravariant and covariant components in the Natario vector for the equation with constant
velocity vs are given by:

o X" =2ugn(rs)cosé

o X% = —v,(2n(rs) + (rs)n/(rs))sin 6

o X,s =2vsn(rs)cosb

o Xy = —rs2vs(2n(rs) + (rs)n’(rs))siné

Note that in the case of variable velocity vs a new set of contravariant and covariant components X* and
X, appears both in the Natario warp drive equation and in the Natario vector because in this case as the ve-
locity vs changes its value as times goes by due to a constant acceleration a this affects the whole spacetime
geometry. The equation for a variable velocity vs due to a constant acceleration a is given by vs = 2n(rs)at.

Note also that the remaining contravariant and covariant components of both the Natario warp drive
equations and the Natario vectors X" . X,s, X% and Xy are defined in function of a constant acceleration
a in the case of a variable velocity vs and are defined in function of a fixed velocity vs in the case of a
constant velocity vs.

Note also that the contravariant and covariant components X?, X;, X" and X, are equal considering
separately the cases of fixed or variable velocities.This helps to illustrate why in the 1 + 1 spacetime all
these equations can be reduced to the same forms being one form suited for variable speeds while the other
form contemplate fixed speeds.
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We must outline now some very important things all these equations have in common:

e 1)- All these equations satisfies the Natario definition and condition for a warp drive spacetime using
the same Natario shape function n(rs) which gives 0 inside the bubble % outside the bubble and
0 <n(rs) < % in the Natario warped region wether in the original or parallel 3+ 1 ADM formalisms
and also all these equations satisfies the Natario requirements for a warp drive spacetime wether
using variable or fixed velocities.

e 2)- The same Natario shape function n(rs) appears in the contravariant and covariant components
of both Natario vectors.

e 3)- The same Natario shape function n(rs) appears in the definition of the equation of the variable
velocity vs = 2n(rs)at

Alcubierre used the original 3+ 1 ADM formalism in his warp drive(see eq 1 pg 3 in [1])(see Appendix
E) and we have reasons to believe that Natario which followed the Alcubierre steps also used the original
3+ 1 ADM formalism to derive the original Natario warp drive equation with constant velocity vs:

ds? = (1 — Xps X7 — Xp X)dt? + 2(X,drs + Xpd0)dt — drs® — rsdo* (102)

The negative energy density for the Natario warp drive in the original 34+ 1 ADM formalism for fixed
velocities in the International System of Units ST (see Appendix G) is given by(see pg 5 in [2])

c? v?

p= —58—; 3(n'(rs))? cos® 6 + (n’(rs) + %n”(rs))Q sin? 9} (103)

In the equatorial plane(1 + 1 dimensional spacetime with rs = x — zs ,y = 0 and center of the bubble
xs = 0) the negative energy density for fixed velocities is given by:(see Appendix D)

2,2
c* vg

p=Tyuu'u" = e [3(71’(7”5))2] (104)

Since in the 1 + 1 spacetime all the equations with fixed velocities reduces to the same form wether in
the original or parallel ADM formalisms the equation above remains valid in all the cases

But for the case of the warp drive equations with variable velocity vs both in the original or parallel
341 ADM formalism or the case of the 3 4+ 1 parallel ADM formalism even for fixed speeds we can say
nothing about the negative energy density at first sight and we need to compute ”all-the-way-round” the
Christoffel symbols Riemann and Ricci tensors and the Ricci scalar in order to obtain the Einstein tensor
and hence the stress-energy-momentum tensor in a long and tedious process of tensor analysis liable of
occurrence of calculation errors.

Or we can use computers with programs like Maple or Mathematica (see pgs [342(b)] or [369(a)] in
[11], pgs [276(b)] or [294(a)] in [13],pgs [454,457,560(b)] or [465,468,567(a)] in [14] pg [98(a)] or [98(b)] in
[25],pgs [183(a)] or [178(D)] in [27]).

Appendix C pgs [551 —555(b)] or [559 —563(a)] in [14] shows how to calculate everything until the Einstein
tensor from the basic input of the covariant components of the 34 1 spacetime metric using M athematica.
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But since the Natario shape function n(rs) is the same for all these equations it is reasonable to suppose
that derivatives of first second(or perhaps higher)order will appear in the negative energy density expression
for the Natario warp drive with variable velocity and since the derivatives of first or second order for the
Natario shape function possesses extremely low values these values can obliterate large terms for velocities
vs or large accelerations a.For a detailed study of the derivatives of first and second order of the Natario
shape function n(rs) see pgs 10 to 41 in [18§]
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10 Conclusion:

In this work we presented the new equations for the warp drive spacetime according to Natario with con-
stant or variable velocity vs and constant acceleration a(in the case for the variable velocity) in both the
original or parallel 3 +1 ADM formalisms:

The Natario warp drive spacetime is a very rich environment to study the superluminal features of General
Relativity because now we have six spacetime metrics and not only one and the geometry of the new
equations in the 3 + 1 spacetime is still unknown and needs to be cartographed.

The 3+ 1 original ADM formalism with signature (—, +, +, +) is given by the equation (21.40) pg [507(b)]
[534(a)] in [11]
G do* da¥ = —a?dt* + ;i (dx’ + B'dt)(da? + 37 dt) (105)
The 3 4 1 parallel contravariant ADM formalism with signature (—, +, 4, +) is given by the equation:
G dat dz¥ = —a?dt* + (yada’ + Bdt)(\/yj;dx! + (7 dt) (106)
The 3 + 1 parallel covariant ADM formalism with signature (—, +, +, +) is given by the equation:

G Aot da¥ = —a?dt* + (\yuda’ + Bidt) (\/Aj;dx’ + B;dt) (107)

While the Christoffel symbols,Riemann and Ricci tensors,Ricci scalar,Einstein tensors or extrinsic cur-
vature tensors are completely known and chartered for the Natario warp drive in the original 3+ 1 ADM
formalism with fixed speed,these mathematical entities are completely unknown for the Natario warp drive
in the original 3+1 ADM formalism with variable speeds or the Natario warp drive in both the contravari-
ant or covariant parallel 3 +1 ADM formalisms wether using fixed or variable speeds and this can open
new avenues of research in General Relativity.

Considering constant velocities then the lapse function o = 1 and for the 3+ 1 ADM formalisms wether
in the original or parallel cases we have the following results:

The 3 + 1 original ADM formalism with signature (—, +, +, +) without lapse function.

o dat da¥ = —dt® + vy (da’ + Brdt)(da? + Fdt) (108)
The 3 + 1 parallel contravariant ADM formalism with signature (—, +, 4+, +) without lapse function.

G Azt da¥ = —dt? + (yada’ + Bldt)(/j;da? + 3 dt) (109)
The 3 + 1 parallel covariant ADM formalism with signature (—, +, +,+) without lapse function.

G dat dz¥ = —dt* + (\yuds' + Bidt)(\/vj;dx" + B;dt) (110)
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For the warp drives using variable velocities we must define explicitly the lapse function responsible for
the extra terms due to the accelerations.

The 3 + 1 original ADM formalism with signature (—,+,+,+) and with the lapse function explicitly
defined is given by the equation:

Guv At da? = —yu (1 + B)2dt? + ;i (da’ + Bldt)(da? + B dt) (111)

The 3+1 parallel contravariant ADM formalism with signature (—, +, 4+, +) and with the lapse function
explicitly defined is given by the equation:

g A da¥ = —(\/F + B2 + (Vada’ + Fidb)( /A7’ + B dt) (112)

The 3 + 1 parallel covariant ADM formalism with signature (—, +,+,+) and with the lapse function
explicitly defined is given by the equation:

G dz* dz¥ = — (Ve + B)2dt? + (Vyads' + Bidt) (/j;dx? + Bjdt) (113)

Note that we managed to define each lapse function according to each ADM formalism.

For the original formalism we have the term v;;(dz’+ 3'dt)(dz’ + 37 dt) and the lapse function vy (1+3%)2dt>
using the same mathematical structure in which the terms ;;,3" or 87 from the spatial components appears
with the terms v and 3! of the corresponding time components.

For the parallel contravariant formalism we have the term (y/yidz’ + B'dt)(\/7;;d=’ + (7dt) and the
lapse function (/7% + %)?dt? using the same mathematical structure in which the terms /7,3, /7j; and
(37 from the spatial components appears with the terms ,/7;; and 3 of the corresponding time components.

For the parallel covariant formalism we have the term (,/;dz’ + Bidt)(,/7;;dz? + B;dt) and the lapse
function (/4 + 3;)?dt? using the same mathematical structure in which the terms /7,3, /v;; and 3;
from the spatial components appears with the terms /73 and 3; of the corresponding time components..

A real and fully functional warp drive must encompasses accelerations or de-accelerations in order to
go from 0 to 200 times light speed in the beginning of an interstellar journey and to slow down to 0 again
in the end of the interstellar journey.

Both the Alcubierre and Natario original geometries encompasses warp drives of constant velocities so
we expanded the Natario vector to encompass time coordinate as a new Canonical Basis for the Hodge
Star generating an extended version of the original Natario warp drive equation which of course encom-
passes accelerations or de-accelerations.

The Natario warp drive spacetime is a very rich environment to study the superluminal features of General

Relativity because now we have six spacetime metrics and not only one and the geometry of the new
equation in the 3 4+ 1 spacetime is still unknown and needs to be cartographed.

29



Because collisions between the walls of the warp bubble and the hazardous particles of the Interstellar
Medium(Z M) would certainly occurs in a real superluminal interstellar spaceflight we borrowed the idea
of Chris Van Den Broeck proposed some years ago in 1999 in order to increase the degree of protection of
the spaceship and the crew members in the Natario warp drive equation for constant speed vs(see pg 46
in [18],pg 3 in [19]).

Our idea was to keep the surface area of the bubble exposed to collisions microscopically small avoid-
ing the collisions with the dangerous IM particles while at the same time expanding the spatial volume
inside the bubble to a size larger enough to contains a spaceship inside.

A submicroscopic outer radius of the bubble being the only part in contact with our Universe would
mean a submicroscopic surface exposed to the collisions against the hazardous IM particles thereby re-
ducing the probabilities of dangerous impacts against large objects (comets asteroids etc) enhancing the
protection level of the spaceship and hence the survivability of the crew members.

Any future development for the Natario warp drive must encompass the more than welcome idea of Chris
Van Den Broeck and this idea can also be easily implemented in the Natario warp drive with variable ve-
locity.Since the Broeck idea is independent of the Natario geometry wether in constant or variable velocity
we did not covered the Broeck idea here because it was already covered in [18] and [19] and in order to
discuss the geometry of a Natario warp drive with variable velocity the Broeck idea is not needed here
however the Broeck idea must appear in a real Natario warp drive with variable velocity vs concerning
realistic superluminal interstellar spaceflights.

But unfortunately although we can discuss mathematically how to reduce the negative energy density
requirements to sustain a warp drive we dont know how to generate the shape function that distorts the
spacetime geometry creating the warp drive effect.So unfortunately all the discussions about warp drives
are still under the domain of the mathematical conjectures.

However we are confident to affirm that the Natario-Broeck warp drive will survive the passage of the
Century X X1 and will arrive to the Future.The Natario-Broeck warp drive as a valid candidate for faster
than light interstellar space travel will arrive to the the Century X X1V on-board the future starships up

there in the middle of the stars helping the human race to give his first steps in the exploration of our Galaxy

Live Long And Prosper
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11 Appendix A:differential forms,Hodge star and the mathematical
demonstration of the Natario vectors nX = —wvsdr and nX = vsdx
for a constant speed vs in a R? space basis

This appendix is being written for novice or newcomer students on Warp Drive theory still not acquainted
with the methods Natario used to arrive at the final expression of the Natario Vector nX

The Canonical Basis of the Hodge Star in spherical coordinates can be defined as follows(see pg 4 in
[2],eqs 3.135 and 3.137 pg 82(a)(b) in [15],eq 3.72 pg 69(a)(b) in [15]):

er = (i ~ dr ~ (rdf) A (rsinfdp) ~ r?sin 0(d6 A dy) (114)
10 . .
€= "55 "~ rdf ~ (rsinfdp) A dr ~ rsinf(de A dr) (115)
1 9 )
~ rsinfdp ~ dr A (rdf) ~ r(dr A df) (116)

= rsinﬁ%

From above we get the following results

dr ~ r%sin0(df A dyp) (117)
rdf ~ rsinf(dyp A dr) (118)
rsinfdy ~ r(dr A df) (119)

Note that this expression matches the common definition of the Hodge Star operator * applied to the
spherical coordinates as given by(see pg 8 in [4],eq 3.72 pg 69(a)(b) in [15]):

sdr = 12 sin 0(df A dy) (120)
srdf = rsinf(de A dr) (121)
w1 sin Odp = r(dr A df) (122)

Back again to the Natario equivalence between spherical and cartezian coordinates(pg 5 in [2]):

1
aa ~ dzx = d(r cosf) = cos Odr—rsin 0df ~ r?sin 6 cos 0dh Adp+rsin? Odr Adp = d (27«2 sin’ 9d¢> (123)
X
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Look that

dx = d(r cos @) = cosOdr — rsin 6df (124)

dx = d(r cos #) = cos Odr — sin Ordf (125)
Applying the Hodge Star operator * to the above expression:

«dx = *d(r cos ) = cos O(xdr) — sin 0(xrdf) (126)
sdx = *d(r cos ) = cos O[r? sin O(df A dy)] — sin O[r sin O(dy A dr)] (127)
sdz = xd(r cosf) = [r?sinf cos 8(dO A dy)] — [rsin? 8(dp A dr)] (128)

We know that the following expression holds true(see pg 9 in [3], eq 3.79 pg 70(a)(b) in [15]):

do Ndr = —dr Ndy (129)

Then we have

xdx = *d(r cos 0) = [r?sinf cos (df A d)] + [rsin® (dr A dy)] (130)

And the above expression matches exactly the term obtained by Natario using the Hodge Star operator
applied to the equivalence between cartezian and spherical coordinates(pg 5 in [2]).

Now examining the expression:

1
d (27“2 sin? 0dg0> (131)
We must also apply the Hodge Star operator to the expression above

And then we have:
1
*d <2r2 sin? 6dg0> (132)

1 1 1 1
*d (27"2 sin? 0dg0> ~ 57"2 % d[(sin® 0)dyp] + 3 sin? @  [d(r?)dy] + 57“2 sin? @  d[(dyp)] (133)
According to pg 10 in [3],eq 3.90 pg 74(a)(b) in [15] the term 372 sin® @ « d[(dy)] = 0

This leaves us with:

1 1 1 1
§r2 * d[(sin” 0)dy] + 3 sin? 0 * [d(r?)dy] ~ 5#2 sin 6 cos 0(d0 A dip) + 5 sin® 02r(dr A dyp) (134)
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%TQ * d[(sin” 0)dy] + % sin? 0 * [d(r?)dy] ~ %7’22 sin @ cos 0(dO A dp) + % sin? 02r(dr A dyp) (135)

Because and according to pg 10 in [3],eqs 3.90 and 3.91 pg 74(a)(b) in [15],tb 3.2 pg 68(a)(b) in [15]:

xd(a + 3) = da + df (136)
xd(fa) =df Nha+ (=1)PfANda--»p=2--»x*d(fa) =df Na+ [ Ada (137)
xd(dz) = d(dy) = d(dz) =0 (138)

From above we can see for example that

xd[(sin” 0)dp] = d(sin? 0) A dp + sin® O A ddp = 2sinf cos 0(dO A dyp) (139)

[d(r*)de] = 2rdr A dp + 12 A dde = 2r(dr A dp) (140)
And then we derived again the Natario result of pg 5 in [2]

2 sin @ cos (df A dy) + rsin® 0(dr A dy) (141)

Now we will examine the following expression equivalent to the one of Natario pg 5 in [2] except that
we replaced % by the function f(r) :

sd[f (r)r? sin® Ody] (142)

From above we can obtain the next expressions

f(r)r? s« d[(sin® 8)de] + f(r)sin? 0 * [d(r?)de] + 2 sin? 0 = d[f (r)dy] (143)
f(r)r225in¢9 cos 0(dO N dp) + f(r) sin? 02r(dr A dp) + r? sin? Of (r)(dr A dp) (144)
2f(r)r2sind cos O(dO A dp) + 2f(r)rsin® O(dr A dp) + 2 sin® 0 (r) (dr A dy) (145)
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2f(r)r?sinf cos 0(df A dp) + 2f (r)rsin? 0(dr A dp) + 2 sin? 0 f'(r) (dr A d)

Comparing the above expressions with the Natario definitions of pg 4 in [2]):

er = ; ~ dr ~ (rdf) A (rsinfdp) ~ r?sin 0(dd A d)
T

ep = 71*(‘;90 ~ rdf ~ (rsinfdp) Adr ~ rsinf(de Adr) ~ —rsinf(dr A dp)

L 9 rsinfdy ~ dr A (rdf) ~ r(dr A df)

= rsinf dp

We can obtain the following result:

2£(r) cosOr?sind(dO A dp)] + 2f(r) sinf[rsin(dr A dp)] + f'(r)rsin 0[rsin 0(dr A dy)]

2f(r) cosbe, — 2f(r) sinfeg — r f'(r) sin ey

sd[f(r)r?sin? Ody] = 2f(r) cosbe, — [2f(r) + rf'(r)] sin feq

Defining the Natario Vector as in pg 5 in [2] with the Hodge Star operator * explicitly written :

nX = vs(t) * d (f(r)r?sin® Odep)

nX = —wvs(t) xd (f(r)r2 sin? Odyp)

We can get finally the latest expressions for the Natario Vector nX also shown in pg 5 in [2]

nX = 2vs(t)f(r) cosbe, — vs(t)[2f(r) + rf'(r)] sin feg

nX = —2vs(t) f(r) cosbe, + vs(t)[2f(r) + rf'(r)] sinfeg
With our pedagogical approaches

nX = 2vs(t) f(r) cosOdr — vs(t)[2f(r) + rf'(r)]r sin 6dO

nX = —2vs(t)f(r) cosOdr + vs(t)[2f(r) + rf'(r)]rsin OdH
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12 Appendix B:differential forms,Hodge star and the mathematical
demonstration of the Natario vectors nX = —vsdr and nX = vsdx
for a constant speed vs or for the first term vsdr from the Natario
vector nX = vsdr + zdvs(a variable speed) in a R! space basis

This appendix is being written for novice or newcomer students on Warp Drive theory still not acquainted
with the methods Natario used to arrive at the final expression of the Natario Vector nX

The Canonical Basis of the Hodge Star in spherical coordinates can be defined as follows(see pg 4 in
[2],eqs 3.135 and 3.137 pg 82(a)(b) in [15],eq 3.74 pg 69(a)(b) in [15]):

er = % ~dr ~ dt A (rdf) A (rsin@dyp) ~ r?sin(dt A df A dip) (159)
10 . .
€= 25"~ rdf ~ dt A (rsinfde) Adr ~ rsin@(dt A de A dr) (160)
r
=L 9 sin0dp~diAd A (rdf) ~ r(dt A dr A df) (161)
690_7‘81119(990 rsin fdyp rA(r r r

From above we get the following results

dr ~ r?sin@(dt A df A dy) (162)
rdf ~ rsinO(dt A do A dr) (163)
rsinfde ~ r(dt Adr A d) (164)

Note that this expression matches the common definition of the Hodge Star operator * applied to the
spherical coordinates as given b, 8 in |4],eq 3.74 pg 69(a)(b) in [15]):
P g y{Pg ,eq pg

sdr = r?sin 0(dt A df A dyp) (165)
xrdf = rsinO(dt A\ dp A dr) (166)
1 sin Odp = r(dt A dr A df) (167)

Back again to the Natario equivalence between spherical and cartezian coordinates(pg 5 in [2]):

1
aa ~ dx = d(r cos §) = cos fdr —rsin df ~ r? sin 0 cos Odt AdO Adp -+ sin® Odt Adr Adp = d <2r2 sin? Ody
x
(168)

35



Look that

dx = d(r cos @) = cosOdr — rsin 6df

dx = d(r cos @) = cos @dr — sin Ordf
Applying the Hodge Star operator * to the above expression:

«dx = *d(r cos ) = cos O(xdr) — sin 0(xrdf)
sdx = *d(r cos 0) = cos O[r? sin O(dt A d A dip)] — sin 0[r sin @(dt A d A dr)]

sdx = xd(rcos @) = [r?sinf cosO(dt A df A de)] — [rsin® 6(dt A dp A dr)]

We know that the following expression holds true(see pg 9 in [3],eq 3.79 pg 70(a)(b) in [15])):

dp ANdr = —dr Ady

Then we have

sdx = xd(rcos @) = [r®sinf cos O(dt A df A d)] + [rsin? 6(dt A dr A dy))

(169)

(170)

(171)

(172)

(173)

(174)

(175)

And the above expression matches exactly the term obtained by Natario using the Hodge Star operator

applied to the equivalence between cartezian and spherical coordinates(pg 5 in [2]).
Now examining the expression:
Loy o
d| =r“sin” 0dp
2
We must also apply the Hodge Star operator to the expression above

And then we have:
*d <;r2 sin? 6dg0>
1 1 1 1
sd (27“2 sin? 0dg0> ~ 57“2 x d[(sin® 0)dep] + B sin? 0 x [d(1?)d] + 57“2 sin” 0 d[(d)]
According to pg 10 in [3],eq 3.90 pg 74(a)(b) in [15] the term %7“2 sin® 6 x d[(de)] =0

This leaves us with:

(176)

(177)

(178)

1 1 1 1
57«2 % d[(sin” 0)dyp] + 3 sin? 0 * [d(r?)dy] ~ §r22 sin§ cos 0(dt A df A dip) + 5 sin? 02r(dt A dr A dp) (179)
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1 1 1 1
57’2 * d[(sin® 0)dyp] + B sin? 0 * [d(r?)dy] ~ 57’22 sinf cos O(dt A dO A dp) + 5 sin? 02r(dt A dr A dp) (180)

Because and according to pg 10 in [3],eqs 3.90 and 3.91 pg 74(a)(b) in [15],tb 3.3 pg 68(a)(b) in [15]:

sd(o+ B) = da + df3 (181)
xd(fa)=df Nha+ (=1)PfANda --»p=3--»x*d(fa) =df Na— f Ada (182)
xd(dz) = d(dy) = d(dz) =0 (183)

From above we can see for example that
xd[(sin” 0)dy] = dt A d(sin®0) A dp — dt A sin? 0 A ddp = 2sinf cos 0(dt A df A d) (184)
«[d(r?)dp] = 2rdt Adr Ade — dt A1 A dde = 2r(dt A dr A dp) (185)
And then we derived again the Natario result of pg 5 in [2]

2 sin 6 cos O(dt A df A dy) + rsin® 0(dt A dr A dp) (186)

Now we will examine the following expression equivalent to the one of Natario pg 5 in [2] except that
we replaced % by the function f(r) :

sd[f (r)r? sin® Ody] (187)
From above we can obtain the next expressions

f(r)r? s« d[(sin® 8)de] + f(r)sin? 0 * [d(r?)de] + 2 sin? 0 = d[f (r)dy] (188)

f(r)r?2sin cos O(dt A dO A dp) + f(r)sin® 02r(dt A dr A de) + r? sin® 0 f'(r)(dt A dr A dip) (189)

2f(r)r2sind cos O(dt A dO A dp) + 2f (r)rsin? O(dt A dr A d) + r2 sin® 0 f' () (dt A dr A dip) (190)
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2f(r)r2sin cos O(dt A dO A dp) + 2f (r)rsin? O(dt A dr A d) + r* sin® 0 f'(r)(dt A dr A dip) (191)

Comparing the above expressions with the Natario definitions of pg 4 in [2]):

er = (98 ~dr ~dt A (rdf) A (rsinfde) ~ r?sin6(dt A df A dp) (192)
T
10 . . .
€= 55"~ rdf ~ dt A (rsinfde) Adr ~ rsin@(dt A de A dr) ~ —rsin@(dt A dr A dp) (193)
L 9 infdp ~ dt A dr A (rd6) ~ r(dt A dr A d9) (194)
ep = ————— ~rsin ~ r A (rdd) ~r r
7 rsinf 0p > v

We can obtain the following result:
2f(r) cosO[r?sind(dt Adf A dp)] +2f(r) sind[rsin O(dt Adr Ade)] + £/ (r)rsin[r sin 8(dt A dr Ady)] (195)

2f(r) cosfe, — 2f(r) sinfeg — rf'(r) sin feg (196)

sd[f(r)r? sin® 0dy] = 2f(r) cosbe, — [2f(r) + rf'(r)] sin feg (197)
Defining the Natario Vector as in pg 5 in [2] with the Hodge Star operator * explicitly written :
nX = wvs(t) xd (f(?“)r2 sin? 2y (198)

nX = —vs(t) « d (f(r)r?sin® 0dy) (199)

We can get finally the latest expressions for the Natario Vector nX also shown in pg 5 in [2]

nX = 2vs(t)f(r) cosbe, —vs(t)[2f(r) +rf (r)] sinfey (200)

nX = —2vs(t)f(r) cosbe, +vs(t)[2f(r) +rf'(r)] sin Oeq (201)

With our pedagogical approaches

nX = 2vs(t)f(r) cosOdr — vs(t)[2f(r) + rf'(r)]r sin dO (202)

nX = —2vs(t) f(r) cosOdr + vs(t)[2f(r) + rf'(r)]r sin 6dO (203)
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13 Appendix C:differential forms,Hodge star and the mathematical
demonstration of the Natario vector nX = x(vsx) for a variable speed
vs and a constant acceleration a

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of
defined by Natario as the interior of the warp bubble and nX = vs(t)dz with X = vs for a large value of
r defined by Natario as the exterior of the warp bubble with vs(t) being the speed of the warp bubble.(pg
4 in [2])

In the Appendices A and B we gave the mathematical demonstration of the Natario vector nX in the
R3 and R* space basis when the velocity vs is constant.Hence the complete expression of the Hodge star

that generates the Natario vector nX for a constant velocity vs is given by:

nX = x(vsz) = vs * (dz) (204)

1
xdx = xd(rcost) = *d <2r2 sin? 0d<p> = xd[f(r)r? sin? Ody] (205)

The equation of the Natario vector nX (pg 2 and 5 in [2]) is given by:

nX = X"e, + X%, (206)

nX = X"dr + X%rdf (207)

nX = 2us(t)f(r) cosbe, — vs(t)[2f(r) + rf'(r)] sin feg (208)
nX = 2vs(t) f(r) cosfdr — vs(t)[2f(r) + rf'(r)]rsin 6d6 (209)

With the contravariant shift vector components explicitly given by:

X" = 2vsf(r)cosd (210)

X% = —v 2f(r) + (r)f'(r))sin @ (211)

Because due to a constant speed vs the term x * d(vs) = 0.Now we must examine what happens when
the velocity is variable and then the term x * d(vs) no longer vanishes.Remember that a real warp drive
must accelerate or de-accelerate in order to be accepted as a physical valid model.The complete expression
of the Hodge star that generates the Natario vector nX for a variable velocity vs is now given by:

nX = x(vsr) = vs * (dz) + x * (dvs) (212)
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In order to study the term z * d(vs) we must introduce a new Canonical Basis for the coordinate time
in the R* space basis defined as follows:(see eqs 10.102 and 10.103 pgs 363(a)(b) and 364(a)(b) in [15] with
the terms S = u = 112,eq 3.74 pg 69(a)(b) in [15],eqs 11.131 and 11.133 with the term m = 0'3 pg 417(a)(b)
in [15].):

e = % ~ dt ~ dr A (rd) A (rsin@dp) ~ 2 sinO(dr A df A dp) (213)

dt ~ r2sin@(dr A df A dyp) (214)
The Hodge star operator defined for the coordinate time is given by:(see eq 3.74 pg 69(a)(b) in [15]):

xdt = r?sin §(dr A df A dyp) (215)

The valid expression for a variable velocity vs(t) in the Natario warp drive spacetime due to a constant
acceleration a must be given by:

vs = 2f(r)at (216)

Because and considering a valid f(r) as a Natario shape function being f(r) = 3 for large r(outside
the warp bubble where X = wvs(t) and nX = vs(t) * dr + x x d(vs(t))) and f(r) = 0 for small r(inside
the warp bubble where X = 0 and nX = 0) while being 0 < f(r) < 1 in the walls of the warp bub-
ble also known as the Natario warped region(pgs 4 and 5 in [2]) and considering also that the Netario
warp drive is a ship-frame based coordinates system(a reference frame placed in the center of the warp
bubble where the ship resides-or must reside!!) then an observer in the ship inside the bubble sees every
point inside the bubble at the rest with respect to him because inside the bubble vs(t) = 0 because f(r) = 0.

To illustrate the statement pointed above imagine a fish inside an aquarium and the aquarium is floating in
the surface of a river but carried out by the river stream.The stream varies its velocity with time.The warp
bubble in this case is the aquarium and the walls of the aquarium are the walls of the warp bubble-Natario
warped region.An observer in the margin of the river would see the aquarium passing by him at a large
speed considering a coordinates system(a reference frame) placed in the margin of the river but inside the
aquarium the fish is at the rest with respect to his local neighborhoods.Then for the fish any point inside
the aquarium is at the rest with respect to him because inside the aquarium vs = 2f(r)at with f(r) =0
and consequently giving a vs(t) = 0.Again with respect to the fish the fish ”sees” the margin passing by
him with a large relative velocity. The margin in this case is the region outside the bubble ”seen” by the
fish with a variable velocity vs(t) = vl in the time ¢1 and vs(t) = v2 in the time ¢2 because outside the
bubble the generic expression for a variable velocity vs is given by vs = 2f(r)at and outside the bubble
flr) = % giving a generic expression for a variable velocity vs as vs(t) = at and consequently a vl = atl
in the time t1 and a v2 = at2 in the time ¢2.Then the variable velocity in not only a function of time
alone but must consider also the position of the bubble where the measure is being taken wether inside or
outside the bubble.So the velocity must also be a function of r.Its total differential is then given by:

dvs = 2[atf'(r)dr + f(r)tda + f(r)adt] (217)

12These terms are needed to deal with the Robertson-Walker equation in Cosmology using differential forms.We dont need
these terms here and we can make S =u =1

13This term is needed to describe the Dirac equation in the Schwarzschild spacetime we dont need the term here so we can
make m = 1.Remember also that here we consider geometrized units in which ¢ =1
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Applying the Hodge star to the total differential dvs we get:

xdvs = 2[atf'(r) « dr + f(r)t = da+ f(r)a * dt] (218)

But we consider here the acceleration a a constant.Then the term f(r)tda = 0 and in consequence
f(r)t « da = 0.This leaves us with:

xdvs = 2[atf'(r) x dr + f(r)a x dt] (219)

sdvs = 2[atf'(r) * dr 4 f(r)a * dt] = 2[atf' (r)r® sin@(dt A df A d) + f(r)ar®sin@(dr A dO A dp)]  (220)

xdvs = 2[atf'(r) * dr + f(r)a * dt] = 2[atf'(r)e, + f(r)aei] (221)

The complete expression of the Hodge star that generates the Natario vector nX for a variable velocity
vs is given by:

nX = x(vsz) = vs * (dr) + = * d(vs) (222)

The term *dx was obtained in the Appendices A and B as follows:(see pg 5 in [2])

xdx = 2f(r) cosbe, — [2f(r) + rf'(r)] sinfeq (223)

The complete expression of the Hodge star that generates the Natario vector n.X for a variable velocity
vs is now given by:

nX = *(vsx) = vs(2f(r) cosbe, — [2f(r) +rf'(r)]sinOeq) + z(2]at f'(r)e, + f(r)aet]) (224)

But remember that x = rcosf(see pg 5 in [2]) and this leaves us with:

nX = x(vsz) = vs(2f(r) cosbe, — [2f(r) +rf'(r)]sinbeq) + rcosd(2[at f'(r)e, + f(r)aet]) (225)

But we know that vs = 2f(r)at.Hence we get:

nX = x(vsx) = 2f(r)at(2f(r) cosbe, — [2f(r) + rf'(r)]sinbeg) + rcosd(2[at f' (r)e, + f(r)aes])  (226)

Then we can start with a warp bubble initially at the rest using the Natario vector shown above and
accelerate the bubble to a desired speed of 200 times faster than light.When we achieve the desired speed
we turn off the acceleration and keep the speed constant.The terms due to the acceleration now disappears
and we are left again with the Natario vector for constant speeds shown below:

nX = 2vs(t)f(r) cosbe, — vs(t)[2f(r) + rf'(r)] sin feg (227)
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Working some algebra with the Natario vector for variable velocities we get:

nX = x(vsx) = 2f(r)at(2f(r) cosbe, — [2f(r) + rf (r)]sinbeg) + rcosd(2[at f' (r)e, + f(r)aes])  (228)

nX = 4f(r)%at cosbe, — 2f(r)at[2f(r) +rf'(r)]sin e + 2at f'(r)rcosbe, + 2 f (r)rcosbae; (229)

nX = 2f(r)rcosfae; + 4f(r)at cosbe, + 2atf’ (r)rcosbe, — 2f(r)at[2f(r) + rf'(r)] sinfeq (230)

nX = 2f(r)rcosBae; + 2[2f(r)? + rf'(r)]atcosBe, — 2f (r)at[2f(r) + rf'(r)] sin feg (231)

Then the Natario vector for variable velocities defined using contravariant shift vector components is
given by the following expressions:

nX = Xle; 4+ X"e, + X% (232)
nX = X'dt + X"dr + X%rdo (233)

Or being:
nX = 2f(r)rcosBae; + 2[2f(r)? + rf'(r)]atcosBe, — 2f (r)at[2f () + rf'(r)] sin feg (234)

nX = 2f(r)rcosBadt + 2[2f(r)* + rf'(r)]atcosOdr — 2f (r)at[2f () 4 rf'(r)]r sin OdO (235)

The contravariant shift vector components are respectively given by the following expressions:

X' = 2f(r)rcosba (236)
X" =2[2f(r)* + rf'(r)]atcosd (237)
X% = —2f(r)at[2f(r) + rf'(r)]sind (238)
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14 Appendix D:The Natario warp drive negative energy density in
Cartezian coordinates

The negative energy density according to Natario is given by(see pg 5 in [2])*:

1 . 2 2
p=Tuu'u” = —m—wKin” = —;}—; [3(71’(7“5))2 cos® 0 + (n/(rs) + %n"(rs)) sin? 9} (239)

In the bottom of pg 4 in [2] Natario defined the x-axis as the polar axis.In the top of page 5 we can see

that = = rscos(f) implying in cos(f) = = and in sin(f) = £

Rewriting the Natario negative energy density in cartezian coordinates we should expect for:

p=Tutu’ = —LKZ--K”' = —U—‘z ?)(n'(rs))Z(i)2 + (n’(rs) + fn”(rs)>2 (1)2 (240)
! 167 ¥ 8T T8 2 rs
Considering motion in the equatorial plane of the Natario warp bubble (x-axis only) then [y? + 22] = 0
and rs? = [(z — 25)?] and making xs = 0 the center of the bubble as the origin of the coordinate frame for
the motion of the Eulerian observer then rs? = x? because in the equatorial plane y = z = 0.
Rewriting the Natario negative energy density in cartezian coordinates in the equatorial plane we should

expect for:

1 . v2
p = Tut'u” = —EKMK” = —i [S(n’(rs))Q] (241)

Yn(rs) is the Natario shape function.Equation written in the Geometrized System of Units ¢ = G = 1
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15 Appendix E:mathematical demonstration of the Natario warp drive
equation for a constant speed vs in the original 3+1 ADM Formalism
according to MTW and Alcubierre

General Relativity describes the gravitational field in a fully covariant way using the geometrical line ele-
ment of a given generic spacetime metric ds? = gudxtdx” where do not exists a clear difference between
space and time.This generical form of the equations using tensor algebra is useful for differential geometry
where we can handle the spacetime metric tensor g, in a way that keeps both space and time integrated in
the same mathematical entity (the metric tensor) and all the mathematical operations do not distinguish
space from time under the context of tensor algebra handling mathematically space and time exactly in
the same way.

However there are situations in which we need to recover the difference between space and time as for
example the evolution in time of an astrophysical system given its initial conditions.

The 3 +1 ADM formalism allows ourselves to separate from the generic equation ds?> = Juvdatdz” of
a given spacetime the 3 dimensions of space and the time dimension.(see pg [64(b)] [79(a)] in [12])

Consider a 3 dimensional hypersurface ¥; in an initial time ¢1 that evolves to a hypersurface 35 in a
later time t2 and hence evolves again to a hypersurface Y3 in an even later time t3 according to fig 2.1 pg
[65(b)] [80(a)] in [12].

The hypersurface ¥o is considered and adjacent hypersurface with respect to the hypersurface ¥; that
evolved in a differential amount of time dt from the hypersurface 31 with respect to the initial time ¢1.
Then both hypersurfeces 31 and Y9 are the same hypersurface ¥ in two different moments of time ¥; and
Yt tat-(see bottom of pg [65(b)] [80(a)] in [12])

The geometry of the spacetime region contained between these hypersurfaces 3; and ¥;,4 can be de-
termined from 3 basic ingredients:(see fig 2.2 pg [66(b)] [81(a)] in [12])

(see also fig 21.2 pg [506(b)] [533(a)] in [11] where dx’ + ('dt appears to illustrate the equation 21.40
G Azt dx¥ = —adt? + v;5(dz’ + Bdt)(dz? + B7dt) at pg [507(b)] [534(a)] in [11])1°

e 1)-the 3 dimensional metric dI? = 'yz-jdxidxj with 2,7 = 1,2,3 that measures the proper distance
between two points inside each hypersurface

e 2)-the lapse of proper time dr between both hypersurfaces 3; and Y4 measured by observers
moving in a trajectory normal to the hypersurfaces(Eulerian obsxervers) dr = adt where « is known
as the lapse function.

e 3)-the relative velocity 3° between Eulerian observers and the lines of constant spatial coordinates
(dz' + ('dt).3" is known as the shift vector.

15we adopt the Alcubierre notation here
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Combining the egs (21.40),(21.42) and (21.44) pgs [507,508(b)] [534,535(a)] in [11]

with the egs (2.2.5) and (2.2.6) pgs [67(b)] [82(a)] in [12] using the signature (—, +, +, +) we get the original

equations of the 3+ 1 ADM formalism given by the following expressions:

T = ( goo  9oj > _ ( —a?+ BkB* B; )
W gio  9ij Bi Yij

G dz* dz¥ = —a?dt* + ;i (dx’ + B'dt)(dx? + 37 dt)
The components of the inverse metric are given by the matrix inverse :

; J
e (00 F LR,
9= 9" B

30
a a

The spacetime metric in 3 + 1 is given by:

ds?® = g dat dz¥ = —a?dt? + v;j(da’ + B'dt)(da? + ' dt)

But since di? = %jd;vidsvj must be a diagonalized metric then di? = v;;dzdz’ and we have:

ds® = —a?dt? + vy (da® + Fdt)?

(dz' 4 Bidt)? = (dz®)? + 26%dz'dt + (Gdt)*
yii(dat 4+ Bidt)? = ~i(dx®)? + 2y, Bidatdt + i (BLdt)?
Bi = i’

Vi (B'dt)? = ;3 B'dt* = ;3 dt?

(dz")? = da'da’
yii(dat + Bidt)? = yyuda'dat + 28;dxtdt + 33 dt?
ds? = —a?dt? + vuda'da' + 2B;datdt + ;3 dt?

d52 = (—042 + ﬁiﬁi)dtQ + 2ﬂidl‘idt + ’)’iidl‘idxi

(242)

(243)

(244)

(245)

(246)

(247)

(248)

(249)

(250)

(251)

(252)

(253)

(254)

Note that the expression above is exactly the eq (2.2.4) pgs [67(b)] [82(a)] in [12].It also appears as eq

1 pg 3 in [1].
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With the original equations of the 3 +1 ADM formalism given below:

ds* = (—a® + Bif")dt* + 2B;dx"dt + viida'da’ (255)
) .
900 90i o+ B8 B )
L= — 256
u < gio  Yii > < Bi Vii (256)
00 0 1 B
[ g. g.. — T a? N aZ 257
g < gzO gzz > ( % ’Y“ . ﬂag ) ( )

and suppressing the lapse function making o = 1 we have:

ds* = (=1 + B;8")dt* + 26;da’dt + vida'da’ (258)
goo  9oi -1+ 86" B )
L= = 259
In ( gio  Yii ) ( Bi Yii (259)
00 0 i
9° 9 -1 5
g = ( giO gii > = < ﬁi ’Yii _ﬁiﬁi > (260)
changing the signature from (—, +, 4, +) to signature (+, —, —, —) we have:
ds® = — (=1 + B;3)dt* — 2B;datdt — ~yda’da (261)
ds® = (1 — 3;6")dt? — 2B;dxtdt — ~ydx'da’ (262)
goo  9oi 1- 3B -6 >
= = 263
Tuw < gio  Gii > < B v (263)
00 0 i
9" 9 1 —p
g = < gi(] gii ) = < _51 _,yii +Bi5i > (264)
Remember that the equations given above corresponds to the generic warp drive metric given below:
ds? = dt* — v (da' + B'dt)? (265)
The warp drive spacetime according to Natario is defined by the following equation but we changed
the metric signature from (—,+,+,+) to (+, —, —, —)(pg 2 in [2])
3 . .
ds’ = dt* =Y (da’ — X'dt)? (266)
i=1

The Natario equation given above is valid only in cartezian coordinates.For a generic coordinates system
we must employ the equation that obeys the 3+ 1 ADM formalism:

3
ds® = dt’ =Y yu(da’ — X'dt)” (267)
=1
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Comparing all these equations

ds? = (1 — 3iB")dt* — 2Bidx'dt — ~y;da'da’ (268)

goo  goi 1— 68" —p; >
L= = 269
In < gio  Gii > < B v (269)

00 0i i
L g9 — 1. .._ﬁ ) > 270
g ( gzO gzz ) < _ﬂz —’Y“ + ﬂzﬂz ( )
ds® = dt* — i (dz' + B'dt)? (271)
With
3 . .
ds® = dt? =) yu(da’ — X'dt)” (272)
i=1

We can see that ' = —X*.3; = —X; and 3,4 = X; X" with X as being the contravariant form of the
Natario shift vector and X; being the covariant form of the Natario shift vector.Hence we have:

ds? = (1 — X; X')dt* + 2X;dz'dt — yda'da’ (273)
goo  9oi 1-X: X" X; )
= - 274
Iu ( gio  Gii ) ( Xi —Vii (274)
00 0i i
g g 1 X
g = ( g0 gt > = ( X1 —il 4 XX ) (275)

Looking to the equation of the Natario vector n.X (pg 2 and 5 in [2]):

nX = X"drs + X%rsdf (276)

With the contravariant shift vector components X" and X? given by:(see pg 5 in [2]):
X" = 2ugn(rs) cos (277)

X% = —vy(2n(rs) + (rs)n’(rs)) sin @ (278)

But remember that di? = v;;da’dz? = dr? + r2df? with Yrr = 1 and gy = r2. Then the covariant shift
vector components X,; and Xy with r = rs are given by:

X; =y X" (279)
X =Y X" = Xpg = Yrors X' ° = ZUSn(TS) cosf = X" =X"* (280)
Xg =90 X" =12 X% = —rs®v,(2n(rs) + (rs)n’(rs)) sin @ (281)
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The equations of the Natario warp drive in the 3+ 1 ADM formalism are given by:

ds? = (1 — X; X")dt? + 2X;dx'dt — ~;;da'da’ (282)
= (e )= %) 59
g = ( Z[Z((]] ZE’Z ) = < )i*z _,.yiz' fZXzXz > (284)
The matrix components 2 x 2 evaluated separately for rs and @ gives the following results:'6
(o o )= ) 259
= (955 ) = (6 o tox ) (256)
= (e )= (0 ) 57
gt = < ggg ggz > = ( Xl—e _,yee feXeXe ) (288)

Then the equation of the Natario warp drive spacetime with a constant speed vs in the original 3 + 1
ADM formalism is given by:

ds? = (1 — X; X")dt® + 2X;da’dt — yyda'da’ (289)
ds? = (1 — X, X" — XpX?)dt? + 2(X,sdrsdt + Xodfdt) — drs® — rs*df* (290)
ds? = (1 — X,s X" — XgX0)dt® + 2(X,sdrs + Xodf)dt — drs® — rs>d6? (291)

16 Actually we know that the real matrix is a 3 x 3 matrix with dimensions ¢ rs and 6.Our 2 x 2 approach is a simplification
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16 Appendix F:mathematical demonstration of the Natario warp drive
equation for a variable speed vs and a constant acceleration a in the
original 3+ 1 ADM Formalism according to MTW and Alcubierre

In the Appendix C we defined a variable bubble velocity vs due to a constant acceleration a as follows:

vs = 2n(rs)at (292)

And we obtained the Natario vector nX for a Natario warp drive with variable velocities defined as
follows:

nX = vs(2n(rs) cosbe, — [2n(rs) + rsn’(rs)]sinfeg) + rscos(2]atn’ (rs)e, + n(rs)aes]) (293)

nX = 2n(rs)at(2n(rs) cosbe, — [2n(rs) + rsn’(rs)]sinfey) + rscosd(2[atn’ (rs)e, + n(rs)aes])  (294)

nX = X'e;, + X"e, + X’ey (295)

nX = X'dt + X"*drs + X%rsdf (296)

Remember that x = rscosf(see pg 5 in [2]). Considering a valid n(rs) as a Natario shape function being
n(rs) = 3 for large rs(outside the warp bubble) and n(rs) = 0 for small rs(inside the warp bubble) while
being 0 < n(rs) < % in the walls of the warp bubble also known as the Natario warped region(pg 5 in [2]) we
can see that the Natario vector given above satisfies the Natario requirements for a warp bubble defined by:

any Natario vector nX generates a warp drive spacetime if nX = 0 and X = vs = 0 for a small value of
rs defined by Natario as the interior of the warp bubble and nX = vs(t) * dz + x * d(vs) with X = vs for

a large value of rs defined by Natario as the exterior of the warp bubble with vs(t) being the speed of the
warp bubble.(pg 4 in [2]).Working with some algebra we got:

nX = 2n(rs)rscosbae; + 2[2n(rs)* 4 rsn/(rs)|atcosfe, — 2n(rs)at[2n(rs) + rsn’(rs)] sin feg (297)

nX = 2n(rs)rscosfadt + 2[2n(rs)? + rsn/(rs)]|atcosOdrs — 2n(rs)at[2n(rs) + rsn'(rs)|rssinfdf  (298)

The contravariant shift vector components X* X" and X? of the Natario vector are defined by:

X' = 2n(rs)rscosfa (299)
X" = 2[2n(rs)? + rsn/ (rs)]atcosd (300)
X% = —2n(rs)at[2n(rs) + rsn’(rs)] sin 6 (301)
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Consider again a 3 dimensional hypersurface ¥ in an initial time ¢1 that evolves to a hypersurface ¥,
in a later time ¢2 and hence evolves again to a hypersurface >3 in an even later time t3 according to fig
2.1 pg [65()] [80(a)] in [12].Considering now an accelerating warp drive then the amount of time needed
for the evolution of the hypersurface from Y5 to 33 occurring in the lapse of time ¢3 is smaller than the
amount of time needed for the evolution of the hypersurface from ¥; to 35 occurring in the lapse of time
t2 because due to the constant acceleration the speed of the warp bubble is growing from ¢2 to t3 and in
the lapse of time t3 the warp drive is faster than in the lapse of time ¢2.

The hypersurface o is considered and adjacent hypersurface with respect to the hypersurface 3; that
evolved in a differential amount of time dt from the hypersurface ¥; with respect to the initial time ¢1.
Then both hypersurfeces > and Yo are the same hypersurface X in two different moments of time 3; and
Yttat-(see bottom of pg [65(D)] [80(a)] in [12])

The geometry of the spacetime region contained between these hypersurfaces 3; and ;4 can be de-
termined from 3 basic ingredients:(see fig 2.2 pg [66(b)] [81(a)] in [12])

(see also fig 21.2 pg [506(b)] [533(a)] in [11] where dz' + ('dt appears to illustrate the equation 21.40
G Azt dz” = —a2dt? + v;;(da’ + Bidt)(da? + Bdt) at pg [507(b)] [534(a)] in [11])17

e 1)-the 3 dimensional metric dI?> = %-jd:cidmj with 7,7 = 1,2,3 that measures the proper distance
between two points inside each hypersurface

e 2)-the lapse of proper time dr between both hypersurfaces ¥; and ¥4 measured by observers
moving in a trajectory normal to the hypersurfaces(Eulerian obsxervers) dr = adt where « is known
as the lapse function.Note that in a warp drive of constant velocity the elapsed times t2 and t3
are equal because the velocity do not varies between ¢2 and t3. Hence the lapse of proper time dr
between both hypersurfaces ¥; and ¥4 4 is always the same as time goes by but for an accelerating
warp drive the elapsed time t3 is smaller than the elapsed time ¢2 so the lapse of proper time dr
between both hypersurfaces ; and ¥;, 4 becomes shorter and shorter as times goes by due to an
ever growing velocity generated by a constant acceleration.

e 3)-the relative velocity 3° between Eulerian observers and the lines of constant spatial coordinates
(dz' + ('dt).3" is known as the shift vector.

Combining the egs (21.40),(21.42) and (21.44) pgs [507,508(b)] [534, 535(a)] in [11]
with the egs (2.2.5) and (2.2.6) pgs [67(b)] [82(a)] in [12] using the signature (—, +, +, +) we get the original
equations of the 3+ 1 ADM formalism given by the following expressions:

2 k
_ (900 90j \ _ [ —a LB 0B ) 302

In ( gio  9ij > < Bi Vij (302)
G Azt da¥ = —a2dt* + ;5 (da’ + Bldt)(da? + B dt) (303)

17we adopt the Alcubierre notation here
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The spacetime metric in 3 + 1 is given by:

ds?* = g dat dz¥ = —a?dt?® + v;j(da’ + B'dt)(da? + ' dt) (304)

Remember that in an accelerating warp drive the lapse of proper time d7 between both hypersurfaces
>t and X4y q becomes shorter and shorter as times goes by due to an ever growing velocity that makes
the warp drive moves faster and faster being this velocity generated by the extra terms in the Natario
vector.These extra terms must be inserted inside the spacetime metric in 3 + 1 using a mathematical
structure similar to the one of the lapse function as follows:

o = Yer (1 + ﬂt)z =yu(1+ 26"+ B'8") = (v + 2B + b5 (305)

B = yub' (306)

Remember that here we are working with geometrized units in which ¢ =1 s0 v =1

o = (1+ 2B + 33 (307)

The spacetime metric in 3 + 1 is then given by:

ds?® = g da dz” = —yu (14 BY)2dt? + v (da’ + B'dt)(dx? + Fdt) (308)

Since dI? = vijdxidxj must be a diagonalized metric then dI? = v;;dz'dz’ and we have:

ds? = —a®dt* + i (da' + B'dt)* (309)

ds® = —y(1 + BY)%dE® + i (da’ + Bdt)? (310)

From the Appendix E we can write the 3 + 1 metric as:

ds® = (—a? + 3;8Y)dt? + 26;dx’dt + ~vyda'dz’ (311)
Note that the expression above is exactly the eq (2.2.4) pgs [67(b)] [82(a)] in [12].It also appears as eq
1 pg 3 in [1].Changing the signature from (—,+,+, +) to signature (4, —, —, —) we have:

ds? = —(—a® + ;") dt? — 2B;da’dt — vydx'da’ (312)

ds® = (o = B;3")dt* — 2B;da’dt — ~yda' da’ (313)

ds® = (1 + 26 + 8" — 3ip")dt? — 2B;da’dt — ~i;dx'da’ (314)

2 i
goo  9oi o =Bt =G >
L= _ 315
In < gio  Gii > < —Bi —Yii (315)
goo  9oi L+26 + 88" — Bi8" —B; )
= - 316
9 < gio  Yii > < —Bi —ii (316)
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The warp drive spacetime according to Natario is defined by the following equation but we changed
the metric signature from (—,+,+,+) to (+,—,—, —) and we modified the equation to insert the terms

due to the lapse function o.(pg 2 in [2])

3
ds* = o’dt® = (da' — X'dt)”
i=1

(317)

The Natario equation given above is valid only in cartezian coordinates.For a generic coordinates system

we must employ the equation that obeys the 34+ 1 ADM formalism:

3
ds® = o2dt* = vyi(da' — X'dt)?
=1

Comparing all these equations
ds? = (a2 — B;3))dt® — 2B;da’dt — yuda'dz’
Gy = < goo  9oi > _ < o = BB =B )
w gio i —05; —ii
ds® = o?dt* — vy (da’ + Fdt)>
o = (1 + B
o = (1+26; + B8
ds® = v (1 + B°)2dt* — ~ii(da' + §'dt)”
ds® = (1426 + ﬁtﬁt — ﬁiﬁi)dtQ — Qﬂidxidt — %-Z-d:nida:i
Gy = ( goo  goi > _ ( 1426, + B8 — BB B )
" Jio - i —bi i

With these

3
ds* = odt* — Z Yii (dx® — X'dt)?
=1

3
ds® = v (1 — X1)2dt* — Z’m(dmi — X'dt)?
1=1

O£2 = ’Vtt(l — Xt)2 = 'Ytt(l — 2Xt + XtXt) = ('ytt — 2’}/ttXt =+ "yttXtXt) = (1 — 2Xt —+ XtXt)
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(318)

(319)

(320)

(321)

(322)

(323)

(324)

(325)

(326)

(327)

(328)

(329)



The generic equations for the Natario warp drive that obeys the 3+1 ADM formalism are given below:

3
ds® = o?dt* — Z Yii(da' — X'dt)? (330)
=1
3
2 _ L yt\2.,2 L Ad Y2
ds® = yu(1 — X"2dt* =) " yu(da’ — X'dt) (331)
=1

o = y(1 = X% = 34 (1 — 2X" + X'XY) = (¢ — 290 X! + 9 X' XY = (1 — 2X; + X, XY) (332)

We can see that f = —X' 3 = —X; and 3;4° = X; X’ with X’ being the contravariant form of
the Natario shift vector and X; being the covariant form of the Natario shift vector both for the spatial
components of the Natario vector.In the same way we can see that 3t = =Xt 8, = —X; and 38! = X; X!
with X? being the contravariant form of the Natario shift vector and X; being the covariant form of the
Natario shift vector for the time component of the Natario vector.Hence we have:

ds® = (o — X; XV dt* + 2X;dz'dt — vydatda’ (333)
ds® = (1 — 2X, + X, Xt — X; XV dt? + 2X;da’dt — ~vypda'da’ (334)
2 i
goo  goi at = X; X' X )
= = 335
Tuw ( 90 Yii ) ( X —Yii (335)
goo  9oi 1-2X, 4+ X, X' - X, X0 X, >
= = 336
T < gio  Yii ) < X —Vii (336)

Looking to the equation of the Natario vector n.X:

nX = Xle; 4+ X"e, + X' (337)

nX = Xtdt + X"*drs + X%rsdo (338)

The contravariant shift vector components X*, X" and X? of the Natario vector are defined by:

X' = 2n(rs)rscosfa (339)
X" = 2[2n(rs)? + rsn/ (rs)]|atcosd (340)
X% = —on(rs)at[2n(rs) + rsn'(rs)] sin @ (341)

53



But remember that dl? = v;dz'de’ = dr? + r2df? with 7,, = 1 and ~g9 = r>. Remember also that

~¢¢+ = 1. Then the covariant shift vector components Xy, X, and Xy with r = rs are given by:

X =X
Xi = yuX'
X; =y X" = 2n(rs)rscosba
X, =7 X" = Xps = Yrars X5 = X7 = X" = 2[2n(rs)? + rsn/(rs)]atcosd

Xy = o X’ = rs’X? = X = —2n(rs)at[2n(rs) + rsn'(rs)]rs? sin 0

The equations of the Natario warp drive in the 3 + 1 ADM formalism are given by:

ds® = (1 — 2X, + X; Xt — X; XV dt? + 2X;da’dt — vypda'da’

( goo  9oi > ( 1-2X 4+ X, X' - X; X' X )
Guv = = X, -
7 —Yii

(342)

(343)

(344)

(345)

(346)

(347)

(348)

Then the equation of the Natario warp drive spacetime for a variable velocity and a constant acceleration

in the original 3 + 1 ADM formalism is given by:

ds® = (1 = 2X, + X; X! — X, X" — XgXO)dt? + 2(X,odrsdt + XpdOdt) — drs® — rs®d6?

ds? = (1 = 2X; + X, X! — X, X" — XpXO)dt? + 2(X,sdrs + Xpdf)dt — drs® — rs®df>
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17 Appendix G:Dimensional Reduction from % to g

The Alcubierre expressions for the Negative Energy Density in Geometrized Units ¢ = G = 1 are given
by(pg 4 in [2])(pg 8 in [1]):"*:

2 z

p=— s [rs)] 50 (351)
rs 2 2 22

S o

In this system all physical quantities are identified with geometrical entities such as lengths,areas or
dimensionless factors.Even time is interpreted as the distance travelled by a pulse of light during that
time interval,so even time is given in lengths.Energy,Momentum and Mass also have the dimensions of

lengths.We can multiply a mass in kilograms by the conversion factor C% to obtain the mass equivalent in

Joules \:
meters3 )ln

Geometrized Units have a dimension of 1 h2 and the conversion factor for Energy Density is G Again

meters.On the other hand we can multiply meters by % to obtain kilograms.The Energy Density (

Joules ) 19 )

on the other hand by multiplying W by @ we retrieve again (meter53 .

This is the reason why in Geometrized Units the Einstein Tensor have the same dimension of the Stress
Energy Momentum Tensor(in this case the Negative Energy Density)and since the Einstein Tensor is

associated to the Curvature of Spacetime both have the dimension of W.

Goo = 87Ty (353)

Passing to normal units and computing the Negative Energy Density we multiply the Einstein Tensor

(dimension —~) by the conversion factor & in order to retrieve the normal unit for the Negative Energy
length G
: Joules
DenSIty (m)
A
TOO = 7G00 354
8rG (354)
Examine now the Alcubierre equations:
. . . . . . . 2 2 . . . . . .
Vs = % is dimensionless since time is also in lengths.yrzf is dimensionless since both are given also in

lengths. f(rs) is dimensionless but its derivative % is not because rs is in meters. So the dimensional

factor in Geometrized Units for the Alcubierre Energy Density comes from the square of the derivative and
is also ; h2 .Remember that the speed of the Warp Bubble vs is dimensionless in Geometrlzed Units and

when we multlply directly ;- from the Negative Energy Density in Geometrized Units by & ~ to obtain

th2
the Negative Energy Density in normal units M the first attempt would be to make the following:

4 2

p= =G [frs) [ (355)
A1 L df(rs)]? 2+ 22

P~ "G 3o [ drs } [ rs? ] (856)

18See Geometrized Units in Wikipedia
19See Conversion Factors for Geometrized Units in Wikipedia
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But note that in normal units vs is not dimensionless and the equations above do not lead to the
correct dimensionality of the Negative Energy Density because the equations above in normal units are
being affected by the dimensionality of vs.

In order to make vs dimensionless again,the Negative Energy Density is written as follows:

A1 owso, 9 y* + 22
P——E%(?) [f (7"5)} [ g2 ] (357)
A1 ws o, [df(rs)]? y? + 22
p__5327(?) [ drs ] [ rs2 ] (358)
Giving:
A1 5., 9 y? + 22
P——Eﬁvs [f (7“5)} [ rs2 ] (359)
A2 1, [df(rs)]? 4% + 22
0= G ) o)
As already seen.The same results are valid for the Natario Energy Density
Note that from
A1 wso, 9 Y2+ 22
- - (== 1
p= =G (R [ )P ] (361)
A1 vs, [df(rs)]? y? 4 22
p__Ez%Tw(?) [ drs ] [ rs? ] (362)
Making ¢ = G = 1 we retrieve again
1 9 2 y2 + 22
p= g8 o) [ (363)
B 1 o [df (rs) 2 y? + 22
T3 { drs [ rs? ) (364)
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18 Appendix H:The Natario warp drive and the parallel contravariant
3+ 1 ADM Formalism for a constant speed vs

A 3+ 1 ADM contravariant formalism parallel to the original 3 +1 ADM formalism according with the
equation (21.40) pg [507(b)] [534(a)] in [11]
G Azt da¥ = —a2dt* + v;j(dx’ + B'dt)(da? + 37 dt) (365)

using the signature (—, +, +, +) can be given by:

G dzt dz¥ = —a2dt* + (Ayuda’ + B'dt)(/7j;dx + Fdt) (366)

Note that in the equation above all the essential 3 elements of the original 3 +1 ADM formalism are
also present?. These elements are:

e 1)-the 3 dimensional metric dI* = ’yijdxid:nj with 2,7 = 1,2,3 that measures the proper distance
between two points inside each hypersurface.In this case dl = \/;jdzidai.

e 2)-the lapse of proper time dr between both hypersurfaces ¥; and ¥;;4 measured by observers
moving in a trajectory normal to the hypersurfaces(Eulerian obsxervers) dr = adt where « is known
as the lapse function.

e 3)-the relative velocity 3° between Eulerian observers and the lines of constant spatial coordinates
(\/yidx" + B*dt).3" is known as the contravariant shift vector.

But since dI? = ’yijdxidxj must be a diagonalized metric then dI? = v;dzidz’ dl = \/7;dz’ and we have
for the 3 + 1 spacetime metric the following result:

ds?® = g dat dz¥ = —a?dt? + (yude' + B'dt)? (367)
(VAada’ + Bidt)? = yii(da®)? + 2y/FuBidatdt + (Bldt)? (368)
ds? = —a®dt* + ;i (da')? + 2/yu B dz'dt + (B'dt)> (369)
ds* = —a?dt* + (B'dt)* + 2\/vu [ dz' dt + v;i(da")? (370)
ds? = (—a? + [B')?)dt? + 2\/yuf'dz'dt + yyda' da’ (371)
ds? = (—a® 4 B'3Y)dt? + 2/ fida’ dt + vida'dat (372)

29see Appendix F on the original 3 + 1 ADM formalism
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Then the equations of the Natario warp drive in the parallel contravariant 3 + 1 ADM formalism are
given by:

ds? = (—a® + 33 dt? + 2/ daidt + viydrtdat (373)
. A2 i i — i
e G G 374)
gio  Gii ’721/8 Vii
The components of the inverse metric are given by the matrix inverse :2!
2 gOO g()i o 1 Gii —40i 7
g = i0 i - . ) ) —a: (375)
9= g (900 x gii) — (gio X goi) gio 9o

00 ,0i
g g
g = < i0 it

9" g : < e e ) (376)

> ~ (a4 BB X i) — (VB X ) \ —vAalt —a’ + B

Suppressing the lapse function a = 1 we have:

ds? = (=14 B'BY)dt* + 2/ yufidx’dt + vidz'da’ (377)
: 14 8igi —3i
O G S v ST (378)
9i0  Yii 722/8 Yii
00 0i 1 g
gv g (900 % gii) — (gi0 X goi) \ —%i0  goo
g = ( 998 9" > - __ 1 . . < v Vb ) (380)
g0 g" ) T (FTH B %) — (% s \ —yTaB 1+ 88
Changing the signature from (—,+,+,+) to (+, —, —, —) we should expect for:
ds* = (1 — B'B")dt* — 2\/vu [ da' dt — vidx'da’ (381)
goo  goi 1—p38" —/rul )
v = = i 382
u ( gio  Gii > ( —\/iiB —Yii (382)
00 0t 1 . —Ons
gul/ — ( gz‘O gz’z’ ) _ ( Gii goi ) (383)
9= g (900 X gii) — (gio X goi) \ —%i0  Joo

g ( g0 goi

Pt L 1 —Yi Vil
¢°g“> (ﬂ—&ﬂx—m»—vwwmx—¢ww>< ) (384)

VB 1= g8

. < g7 9" ) _ 1 ( —Yi VB ) (385)
g0 g" ([1 =B8] x —vii) — (VB x 7B') \ V7¥wab" 1 =06

21see Wikipedia:the free Encyclopedia on inverse or invertible matrices
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The equations of the Natario warp drive in the parallel contravariant 3 +1 ADM formalism given by:

ds? = (1 — B'BY)dt* — 2/ yufda'dt — ~vizdx'da’ (386)
goo  9oi 1-38 —\ /7l )
y = — ; 387
In ( gio  Gii ) ( —YilB —Yii (387)
00 0i 1 o
g = < gz‘o gii > = ) , ; ( _gu oo > (388)
9" g (900 % gii) — (gi0 X Goi) gio 900

g = < 9" g > _ 1 ( i b > (389)
g0 g" (1 = BB x —vii) — (=7 x =B \ vyl 1-p5'5

. < 9" 9" ) _ 1 ( i Tl ) (390)
9" g” ([1 =887 x —vii) — (VB x ) \ Vb 1—p6'5"

obeys the generic equation of a warp drive in the parallel contravariant 3 + 1 ADM formalism:

ds® = dt? — (\/yuda’ + Bldt)? (391)
The warp drive spacetime according to Natario is defined by the following equation but we changed
the metric signature from (—,+,+,+) to (+,—, —, —)(pg 2 in [2])
3 . .
ds’ = dt* =) (da' — X'dt)? (392)
i=1

The Natario equation above given in oontravariant form is valid only in cartezian coordinates.For
a generic coordinates system in contravariant form we must employ the equation given by the parallel
contravariant 3 + 1 ADM formalism as being;:

3
ds’ = dt* =Y (yAuda’ — X'dt)? (393)

i=1
Note that 3 = —X* and 3°3* = X'X? with X’ being the Natario contravariant shift vectors. Hence
we have:

ds®* = (1 — X' X)dt? + 2,/7; X 'da'dt — ~;;da’ da’ (394)
goo  9oi 1- XX Xt >
— — . 395
uw ( gio  Gii ) < V9V X" —Yii (395)
uy o 900 902' _ 1 Gii —40i 396
g = i0 i - N — (o ) - ( )
g” g (900 % gii) — (gio % goi) gio 900

gul/:<gg3 g(??): _ 1 . ’ ( —Yii —\/'yii'Xi‘) (307)
9= 9" (1= XIX7] x =) — (VX! x X)) \ —v7aX' 1-X'X'
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For the equations of the Natario warp drive in the parallel contravariant 3 + 1 ADM formalism:

ds® = (1 — X'X)dt? + 2,/7; X da'dt — ~;;da’da’ (398)
goo  goi 1-X'X" X! )

L= _ ) 399

u ( gio  Yii > ( V9Yii X —Vii (399)

00 07 1 g —an:
guu — ( giO giz’ > _ < Gii goi ) (400)

g” g (goo * gii) — (gio % goi) \ —Gio  Goo
oo (0
yA 7

g~ 9

- ! —i VX
)= = (VAaX % 3 X) (v Y3 ) o

And looking to the equation of the Natario vector nX (pg 2 and 5 in [2]):

nX = X"drs + X%rsdf (402)

With the contravariant shift vector components X" and X? given by:(see pg 5 in [2]):

X" = 2vgn(rs) cosb (403)

X% = —v,(2n(rs) + (rs)n’(rs)) sin 6 (404)

But remember that dl? = 'y,-jdxida;j = dr? + r2df? with v, = 1,99 = > /s = 1 /Y99 = r and
r = rs.Then the equation of the Natario warp drive in the parallel contravariant 3 +1 ADM formalism is
given by:

ds? = (1 — X' X)dt? + 2/ X da'dt — ~ida'da’ (405)

ds® = (1 — X" X" — XOXOdt? + 2(X"*drsdt + X rsdfdt) — drs® — rs®d6? (406)
ds? = (1 — X" X" — XX dt* + 2(X"*drs + X rsd)dt — drs® — rs>df> (407)
ds? = [1 — (X")2 — (X9)2)dt? + 2[X"*drs + X rsdf)dt — drs® — rs>de> (408)

Note that the equation of the Natario vector nX (pg 2 and 5 in [2]) appears twice in the equation above
due to the non-diagonalized shift components:

nX = X"drs + X%rsdf (409)

As a matter of fact expanding the term

VvaXidet = X" drs + X%rsdo 410
’y

we recover again the Natario vector since v, = 1,999 = 75> /e = 1 /Yo9 = 75
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19 Appendix I:mathematical demonstration of the Natario warp drive
equation for a variable speed vs and a constant acceleration a in the
parallel contravariant 3+ 1 ADM Formalism

In the Appendix C we defined a variable bubble velocity vs due to a constant acceleration a as follows:

vs = 2n(rs)at (411)

And we obtained the Natario vector nX for a Natario warp drive with variable velocities defined as
follows:

nX = X'e; + X"e, + X'y (412)

nX = X'dt + X"*drs + X%rsdf (413)

The contravariant shift vector components X*, X" and X? of the Natario vector are defined by:

X' = 2n(rs)rscosfa (414)
X" = 2[2n(rs)* + rsn’(rs)]atcosd (415)
X% = —2n(rs)at[2n(rs) 4+ rsn’(rs)] sin 0 (416)
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Consider again a 3 dimensional hypersurface ¥ in an initial time ¢1 that evolves to a hypersurface ¥,
in a later time ¢2 and hence evolves again to a hypersurface >3 in an even later time t3 according to fig
2.1 pg [65()] [80(a)] in [12].Considering now an accelerating warp drive then the amount of time needed
for the evolution of the hypersurface from Y5 to 33 occurring in the lapse of time ¢3 is smaller than the
amount of time needed for the evolution of the hypersurface from ¥; to 35 occurring in the lapse of time
t2 because due to the constant acceleration the speed of the warp bubble is growing from ¢2 to t3 and in
the lapse of time t3 the warp drive is faster than in the lapse of time ¢2.

The hypersurface o is considered and adjacent hypersurface with respect to the hypersurface 3; that
evolved in a differential amount of time dt from the hypersurface ¥; with respect to the initial time ¢1.
Then both hypersurfeces > and Yo are the same hypersurface X in two different moments of time 3; and
Yttat-(see bottom of pg [65(D)] [80(a)] in [12])

The geometry of the spacetime region contained between these hypersurfaces 3; and ;4 can be de-
termined from 3 basic ingredients:(see fig 2.2 pg [66(b)] [81(a)] in [12]) illustrated by the equation :22

Gy Azt da¥ = —a2dt* + (Ayuda’ + Bldt)(/vj;dx? + Fdt) (417)

e 1)-the 3 dimensional metric dI? = ’yz-jda:ida:j with 2,7 = 1,2,3 that measures the proper distance
between two points inside each hypersurface.In this case dl = \/;jdzidai.

e 2)-the lapse of proper time dr between both hypersurfaces ¥; and ¥4 measured by observers
moving in a trajectory normal to the hypersurfaces(Eulerian obsxervers) dr = adt where « is known
as the lapse function.Note that in a warp drive of constant velocity the elapsed times ¢2 and 3
are equal because the velocity do not varies between ¢2 and t3. Hence the lapse of proper time dr
between both hypersurfaces ¥; and ¥y, 4 is always the same as time goes by but for an accelerating
warp drive the elapsed time t3 is smaller than the elapsed time ¢2 so the lapse of proper time dr
between both hypersurfaces ¥; and ;4 becomes shorter and shorter as times goes by due to an
ever growing velocity generated by a constant acceleration.

e 3)-the relative velocity 3° between Eulerian observers and the lines of constant spatial coordinates
(V7idz® + Bidt).3" is known as the contravariant shift vector.

But since dI? = ’yijdxidxj must be a diagonalized metric then dI? = v;dzidzr® dl = \/7;dx’ and we have
for the 3 + 1 spacetime metric the following result:

ds? = g dot dz¥ = —adt* + (uds' + Bdt)? (418)
ds? = (—a? + B'3")dt? + 275 B'dx' dt + e’ da’ (419)

_ (900 goi \_ ([ —o* 488 )
G = ( 9i0  Yii > B ( Vi Yii (420)

22we adopt also the Alcubierre notation here

62



Remember that in an accelerating warp drive the lapse of proper time dr between both hypersurfaces
3 and X4y g becomes shorter and shorter as times goes by due to an ever growing velocity that makes
the warp drive moves faster and faster being this velocity generated by the extra terms in the Natario
vector.These extra terms must be inserted inside the spacetime metric in 3 + 1 using a mathematical
structure similar to the one of the lapse function as follows:

o® = (VA + ) = (v + 2B + 55" (421)

Remember that here we are working with geometrized units in which ¢ =1 s0 v =1

o = (1+26"+ '8 (422)

The spacetime metric in 3 + 1 is then given by:

ds? = g dat dz¥ = —a?dt? + (yude' + B'dt)? (423)
ds® = (—a? + B'Y)dt* + 2\ /7S dridt + yyda'dr (424)
: _ 2. 3igi — i
e G B QAT (429)
gio  Gii '72218 Yii
ds?® = G dzt dz” = —(1 + 26" + B ANt + (Auda' + Bdt)? (426)
ds® = (—(14 26" + p18%) + g8 dt? + 2/ fldxidt + ~ydx'da (427)
(900 goi \ _ [ —(1+28"+ 8B+ 68 Sl

g = - g i (428)

9i0 YGii \ Vii Yii

Changing the signature from (—,+, 4, +) to signature (4, —, —, —) we have:
ds® = Guv dat dz¥ = a?dt? — (\/'mda:i + ﬁidt)2 (429)
ds? = (a* — B'BY)dt* — 2/ yufda'dt — ~izdx'da’ (430)

) o ,
goo  goi a” = p'6" =l )

- _ ) 431
Iu < gio  Gii > < —\/ i3 —Yii (431)
ds? = g dat dz” = (1+ 26" + B4 dt? — (yude' + B'dt)? (432)
ds® = (1 + 26" + B'6Y) — pipY)dt? — 2 /yuBldaidt — ~vidaida (433)
(g0 goi \ _ [ A+26"+66) -8 — s 434
Guv = . ) = _ A s (434)

gio  Gii v/ Vii Yii
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The warp drive spacetime according to Natario is defined by the following equation but we changed
the metric signature from (—,+,+,+) to (+,—,—, —) and we modified the equation to insert the terms
due to the lapse function o.(pg 2 in [2])

3
ds* = o’dt® = (da' — X'dt)” (435)
i=1
The Natario equation given above is valid only in cartezian coordinates.For a generic coordinates system
we must employ the equation that obeys the parallel contravariant 3 + 1 ADM formalism:

3
ds® = o’dt? = Y (Auda’ — X'dt)” (436)

i=1

2

The term o~ is now defined by the following expression:

o = (Vu = X = (e — 2y X' + X' X") (437)

Suppressing the summing convention then the Natario warp drive equation in the parallel contravariant
3+ 1 ADM formalism now becomes:

ds? = (VAm — XH)2dt* — (yuda’ — X'dt)? (438)

Note that in the equation given above a remarkable mathematical structure appears:the term /7 is
associated with the time coordinate while the term ,/7;; is associated with the remaining spatial coordinates.

Remember that here we are working with geometrized units in which ¢ = 1 so 7 = 1 hence the term o?

can be given by:

o =(1-XH=(1-2X"+ X'X" (439)

The Natario warp drive equation in the parallel contravariant 3 + 1 ADM formalism now becomes:

ds®* = (1 — X")2dt? — (/yda’ — X'dt)? (440)
ds? = (1 —2X' + XX — X' XV)dt? + 27 X dx'dt — yyda'da’ (441)
goo  9oi 1-2X'+ X'X'— X'X' /Xt
Gpw = , )= — i s (442)
9i0 Yii V VYii Yii
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The Natario warp drive equation in the parallel contravariant 3 + 1 ADM formalism is then given by:

ds®> = (1 —2X! + Xt Xt — XXV dt? + 2/ya X datdt — vydaida (443)
i 1—2Xt+ XtXt — XiX? X
G = < goo G > _ < i Vi (444)
gio  Yii \V Yii Yii

Looking to the equation of the Natario vector nX defined for a variable velocity vs and a constant
acceleration a according to the Appendix C' :

nX = Xle; + X"e, + X%, (445)

nX = X'dt + X"*drs + X%rsdf (446)

The contravariant shift vector components X*, X" and X? of the Natario vector are defined by:

X' = 2n(rs)rscosfa (447)
X" = 2[2n(rs)? + rsn/ (rs)]atcosh (448)
X% = —2n(rs)at[2n(rs) + rsn’(rs)] sin 6 (449)

But remember that di?> = %jdxidxj = dr? + r2df? with v, = 1,99 = 1> \/%r = 1 /Y99 = r and
r = rs.Then the equation of the Natario warp drive in the parallel contravariant 3 + 1 ADM formalism
for a variable velocity vs and a constant acceleration a is given by:

ds? = (1 —2X' + X'X!' — X" X" — XOXOYdt? + 2(X"*drsdt + Xrsdfdt) — drs® — rs®df> (450)

ds® = (1 —2X"+ X'X" — X7 X" — X0 X%)at* + 2(X"*drs + XOrsdf)dt — drs® — rs*d6? (451)

ds? = (1 = 2X' 4+ (X2 — (X"*)? — (X9)?)dt? 4 2(X"*drs + Xrsdf)dt — drs* — rs>d6? (452)
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20 Appendix J:The Natario warp drive and the parallel covariant 3+ 1
ADM Formalism for a constant speed vs

A 3+ 1 ADM covariant formalism parallel to the original 3 + 1 ADM formalism according with the
equation (21.40) pg [507(b)] [534(a)] in [11]
G Azt da¥ = —a2dt* + v;j(dx’ + Bldt)(da? + B dt) (453)

using the signature (—, +, +, +) can be given by:

G dat da¥ = —a?dt* + (\yuda’ + Bidt) (\/Aj;dx’ + B;dt) (454)

Note that in the equation above all the essential 3 elements of the original 3 +1 ADM formalism are
also present?.These elements are:

e 1)-the 3 dimensional metric dI* = ’yijdxid:nj with 2,7 = 1,2,3 that measures the proper distance
between two points inside each hypersurface.In this case dl = \/;jdzidai.

e 2)-the lapse of proper time dr between both hypersurfaces ¥; and ¥;;4 measured by observers
moving in a trajectory normal to the hypersurfaces(Eulerian obsxervers) dr = adt where « is known
as the lapse function.

e 3)-the relative velocity [3; between Eulerian observers and the lines of constant spatial coordinates
(V/Yiidx' 4 B;dt).B; is known as the covariant shift vector defined as : 3; = ;67 .

But since dI? = ’yijdxidxj must be a diagonalized metric then dI? = v;dz'dz’ dl = \/7;dz’ and we have
for the 3 + 1 spacetime metric the following result:

ds? = g da* dz¥ = —a?dt* + (\yuda’ + Bidt)? (455)
(VAade' + Bidt)? = vii(da')? + 2/ 7 Bidsdt + (Bidt)? (456)
ds? = —a®dt* + ;i (dx")? + 2/Yufida’dt + (Bidt)? (457)
ds? = —a?dt* + (B;dt)* + 2/ Bidz'dt + i (dx")? (458)
ds? = (—a? + [B;]*)dt* + 2/ i fidx'dt + vida'dz’ (459)
ds® = (—a® + 3;6;)dt® + 2/ i Bida dt + yidx'da’ (460)

23see Appendix F on the original 3 +1 ADM formalism
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Then the equations of the Natario warp drive in the parallel covariant 3+ 1 ADM formalism are given

by:

ds? = (—a® + Bi3;)dt2 + 2V fida’ dt + vida'da’

goo 9oi
90 Gii

g,ul/_<

)=

V7%iiBi

—a® + Bifi b
Vii

The components of the inverse metric are given by the matrix inverse :

g

e (00 80
g’LO gu

goo gm‘
= ( giO gii )
1

1
(900 X gii) — (gi0 X goi) <

" (o + BilBi] X i) —

Suppressing the lapse function a = 1 we have:

g° g (900 X gii) — (gio X goi) \ —%i0  Goo
g = ( 9?7 g" > _ 1 ( Vii
g° 9" ([=1+ BiBs] x vii) — (V7B X /¥iili) \ —/Viibi
Changing the signature from (—,+,+,+) to (+, —, —, —) we should expect for:

gt

10 i1

00
g
g = ( i0

= < go o

9

(ViiBi X \/ViilBi) (

Gii
—3gi0

)

24

—90i
goo

Vid

—/YiiBi

ds? = (=1 + BiB:)dt? + 2y/7uBida’dt + visda' da’

Goy = ( goo  goi ) _ ( =1+ 5B b
w 90 Gii VYiiBi Vii

)

ds? = (1= Bi3)dt> — 27 fidar’ dt — ycda'da’

G = < goo o > _ < 1= Bifs  —\/iibi

" g0 Gii -l i
:<990 99?>: ! ( gii

g0 g" (goo x gii) — (gio X goi) \ —Gio

1

) T (1= BB X i) —

(=iiBi X —/YiiBi)

1

901'
gii >

2

([ = BiBs] x —vis) — (VB X /i)

“see Wikipedia:the free Encyclopedia on inverse or invertible matrices
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(
(

)

—90i
goo

—Yii

v Yii i

—Yii
Vv Vi Bi

)

=i
—a’ + Bif;

)

—\/iiBi
=1+ 8

)

1 — BiBi

VYiiBi
1—BiBi

)

)

)
)

(461)

(462)

(463)

(464)

(465)

(466)

(467)

(468)

(469)

(470)

(471)

(472)

(473)



The equations of the Natario warp drive in the parallel covariant 3 +1 ADM formalism given by:

ds* = (1 — BiB;)dt* — 2\/7iifidx'dt — ~i;dz'da’ (474)
goo  goi 1=BiBi —\/iibi >
L= = 475
u < gio  Gii ) < Vil Vi (475)
00 0 1 g
g,uz/ _ < giO gii > _ < Gii goi > (476)
9° g (900 X gii) — (gio X goi) \ —%i0  Goo
9= 9" ([1 = BiBs] x —vii) — (=/YiilBi x —/¥iilbi) \ Vb 1= Bibi
s < g?(? g ) _ 1 ( —Yii Vil > (478)
9" 9" (1 = BiBi] x —vii) — (VVialbi X iilbi) \ V%iibi 1 — Bibi
obeys the generic equation of a warp drive in the parallel covariant 3 +1 ADM formalism:
ds® = dt® — (\/yudz’ + Bidt)? (479)
The warp drive spacetime according to Natario is defined by the following equation but we changed
the metric signature from (—,+,+,+) to (+,—, —, —)(pg 2 in [2])
3 . .
ds* = dt* = (da’ — X'dt)? (480)
i=1

The Natario equation above given in contravariant form is valid only in cartezian coordinates.For a
generic coordinates system in covariant form we must employ the equation given by the parallel covariant
3+ 1 ADM formalism as being:

3
ds® = dt* =Y (VAuda’ — X,dt)? (481)
i=1
Note that 8; = —X; and (;8; = X;X; with X; being the covariant Natario shift vectors. Hence we
have:

d82 = (1 - XiXi)dtQ + 2\/’}/iiXid1,‘idt — ’yiidl‘idxi (482)
goo 9o 1-X:Xi VX >
= = 483
o < gio i > < V9%iXi i (483)
wo_ 900 QOi _ 1 gii  —Y0i 484
g = i0 ii - N — (- . . ( )
g g (900 % gii) — (gi0 % goi) gio  goo

Q

P < 9" 9" ) - L < i —aki > (485)
g0 g" (1 — XiXi] x —vii) — (V7 Xs X V7iXi) \ —vVvaXe 1— XX,
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For the equations of the Natario warp drive in the parallel covariant 3 +1 ADM formalism:

ds® = (1 — X; X;)dt* + 2/va Xidx'dt — vida'da’ (486)

goo  9oi 1= XiXi /i Xi >
= = 487
o < gio  Yii ) < V0% Xi i (487)

00 07 1 g —an:
guu — ( giO giz’ > _ < Gii goi ) (488)

g” g (goo * gii) — (gio % goi) \ —Gio  Goo

g = ( 9" 9" ) - L < i =V ) (489)
g0 g ([1 = X3 X5]) X =yii) — (V7aXi X 7aXi) \ —v7%iXi 1—XX;

And looking to the equation of the Natario vector nX (pg 2 and 5 in [2]):

nX = X"drs + X%rsdf (490)
With the contravariant shift vector components X" and X? given by:(see pg 5 in [2]):

X" = 2vgn(rs) cosb (491)

X% = —v,(2n(rs) + (rs)n’(rs)) sin 6 (492)

But remember that dl? = 'y,-jdxida;j = dr? + r2df? with v, = 1,99 = > /s = 1 /Y99 = r and
r = rs.Then the covariant shift vector components X,; and Xy with r = rs are given by:

Xi =i X' (493)
Xr =9 X" = Xos = Yrsrs X'° = 2vgn(rs) cos = X" = X" (494)
Xg =90 X" = rs?’X? = —rs®v,(2n(rs) + (rs)n’(rs)) sin 6 (495)

It is possible to construct a covariant form for the Natario vector nX defined as n.X as follows:

neX = X,odrs + Xgrsdf (496)

With the covariant shift vector components X,s and Xy defined as shown above:
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The equation of the Natario warp drive in the parallel covariant 3 + 1 ADM formalism is given by:

ds? = (1 — X; X;)dt* + 2\/vu Xidx'dt — y;da'dz’ (497)

ds® = (1 — XsXps — XgXg)dt* + 2(X,sdrsdt + Xgrsddt) — drs* — rs*df? (498)
ds® = (1 - X, s X5 — X9 Xp)dt? + 2(X,odrs + Xorsdf)dt — drs® — rs*d6? (499)
ds? = [1 — (X,5)% — (Xp)Ydt? + 2[X,sdrs + Xorsd]dt — drs® — rs®df> (500)

Note that the equation of the covariant Natario vector n.X appears twice in the equation above due
to the non-diagonalized shift components:

neX = X,sdrs + Xorsdf (501)

As a matter of fact expanding the term

V¥viXida' = Xpdrs + Xorsdd (502)

we recover again the covariant form of the Natario vector since .. = 1,799 = 752 \/Yrr = 1 V96 =18
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21 Appendix K:mathematical demonstration of the Natario warp drive
equation for a variable speed vs and a constant acceleration a in the
parallel covariant 3+ 1 ADM Formalism

In the Appendix C we defined a variable bubble velocity vs due to a constant acceleration a as follows:

vs = 2n(rs)at (503)

And we obtained the Natario vector nX for a Natario warp drive with variable velocities defined as
follows:

nX = X'e; + X"e, + XV, (504)

nX = X'dt + X"*drs + X%rsdf (505)

The contravariant shift vector components X*, X" and X? of the Natario vector are defined by:

X' = 2n(rs)rscosfa (506)
X"$ = 2[2n(rs)? + rsn/(rs)]atcosd (507)
X% = —2n(rs)at[2n(rs) 4+ rsn’(rs)] sin 0 (508)
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Consider again a 3 dimensional hypersurface ¥ in an initial time ¢1 that evolves to a hypersurface ¥,
in a later time ¢2 and hence evolves again to a hypersurface >3 in an even later time t3 according to fig
2.1 pg [65()] [80(a)] in [12].Considering now an accelerating warp drive then the amount of time needed
for the evolution of the hypersurface from Y5 to 33 occurring in the lapse of time ¢3 is smaller than the
amount of time needed for the evolution of the hypersurface from ¥; to 35 occurring in the lapse of time
t2 because due to the constant acceleration the speed of the warp bubble is growing from ¢2 to t3 and in
the lapse of time t3 the warp drive is faster than in the lapse of time ¢2.

The hypersurface o is considered and adjacent hypersurface with respect to the hypersurface 3; that
evolved in a differential amount of time dt from the hypersurface ¥; with respect to the initial time ¢1.
Then both hypersurfeces > and Yo are the same hypersurface X in two different moments of time 3; and
Yttat-(see bottom of pg [65(D)] [80(a)] in [12])

The geometry of the spacetime region contained between these hypersurfaces 3; and ;4 can be de-
termined from 3 basic ingredients:(see fig 2.2 pg [66(b)] [81(a)] in [12]) illustrated by the equation :2°

G Aot da¥ = —a?dt* + (\yuda’ + Bidt)(\/vj;dx’ + B;dt) (509)

e 1)-the 3 dimensional metric dI? = 'yz-jdxidxj with 2,7 = 1,2,3 that measures the proper distance
between two points inside each hypersurface.In this case dl = \/;jdzidal.

e 2)-the lapse of proper time dr between both hypersurfaces 3; and Y4 measured by observers
moving in a trajectory normal to the hypersurfaces(Eulerian obsxervers) dr = adt where « is known
as the lapse function.Note that in a warp drive of constant velocity the elapsed times t2 and t3
are equal because the velocity do not varies between ¢2 and t3. Hence the lapse of proper time dr
between both hypersurfaces ¥; and ¥y, 4 is always the same as time goes by but for an accelerating
warp drive the elapsed time t3 is smaller than the elapsed time ¢2 so the lapse of proper time dr
between both hypersurfaces ¥; and 3,4 becomes shorter and shorter as times goes by due to an
ever growing velocity generated by a constant acceleration.

e 3)-the relative velocity [3; between Eulerian observers and the lines of constant spatial coordinates
(3 [idxt + Bidt).(; is known as the covariant shift vector defined as : 3; = %-jﬁj .

But since di? = %jdzvidacj must be a diagonalized metric then di? = %-idxidxi dl =, /’yiid:vi and we have
for the 3 + 1 spacetime metric the following result:

ds?® = g da* dz¥ = —a2dt® + (yuda' + Bidt)? (510)
ds® = (—a2 + ﬁiﬂi)dtz + 2./’yiiﬂida:idt + 'yz-z-da:idxi (511)

_( 900 goi \ _ —a? + BiB; m@)
G <9z‘0 gn’) < VYiiBi Yii (512)

25we adopt also the Alcubierre notation here
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Remember that in an accelerating warp drive the lapse of proper time dr between both hypersurfaces
3 and X4y g becomes shorter and shorter as times goes by due to an ever growing velocity that makes
the warp drive moves faster and faster being this velocity generated by the extra terms in the Natario
vector.These extra terms must be inserted inside the spacetime metric in 3 + 1 using a mathematical
structure similar to the one of the lapse function as follows:

o = (VA + 1) = (it + 2/ 7ub + BiBr) (513)

Remember that here we are working with geometrized units in which ¢ =1 s0 v =1

o = (1426 + Bifr) (514)

The spacetime metric in 3 + 1 is then given by:

ds? = g, do" dz¥ = —a2dt? + (yude’ + Bidt)? (515)
ds® = (—oz2 + ﬁzﬂi)dtQ + 2/ Bidztdt + ~iida'da’ (516)
i —a? 4 Bi3; iiJi
e ) o G (517)
gi0  YGii 72251 Vii

ds® = G dat dz” = —(14 26, + ﬁtﬁt)dtQ + (\/’yiid:):" + @dt)2 (518)
ds® = (—(1 426, + BuBr) + BiBi)dt* + 2/ 7 fida’ dt + yiida' dz’ (519)

(900 g0i \ _ [ —(1428+ BiBr) + BiBi Vil
g = - iy i (520)

gio YGii ’Yuﬂz Yii

Changing the signature from (—,+, 4, +) to signature (4, —, —, —) we have:
ds® = g da* dz¥ = o?dt* — (\/yudz’ + Bidt)? (521)
ds® = (o — B;f;)dt? — 2\/7uBidxtdt — ~;;da'da’ (522)

2
goo  9oi o — BiBi  —\/ Vil >

= _ 523
In < gio  Gii ) < —/YiiBi —"Vii (523)
ds® = g dat dz” = (1+ 26, + BiBy)dt* — (Vyuda’ + Bidt)? (524)
ds® = (14 26, + BiBr) — Bifs)dt? — 2\/Yiifedxidt — ~ydx'da (525)

(900 goi \ _ [ (L+2B+Bifr) — BiBi — Vil
e e g Vo (526)

gi0  Yis \V 7zzﬂz Yii
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The warp drive spacetime according to Natario is defined by the following equation but we changed
the metric signature from (—,+,+,+) to (+,—,—, —) and we modified the equation to insert the terms
due to the lapse function o.(pg 2 in [2])

3
ds* = o’dt® = (da' — X'dt)” (527)
i=1
The Natario equation given above is valid only in cartezian coordinates.For a generic coordinates system
we must employ the equation that obeys the parallel covariant 3 + 1 ADM formalism:

3
ds® = o2dt® =Y " (yada’ — X;dt)? (528)

=1

2

The term o~ is now defined by the following expression:

o = (Vi — X0)? = (v — 20 Xs + Xi Xy) (529)

Suppressing the summing convention then the Natario warp drive equation in the parallel covariant
3+ 1 ADM formalism now becomes:

ds* = (v — Xo)*dt? — (y/yuda’ — Xidt)? (530)

Note that in the equation given above a remarkable mathematical structure appears:the term /7 is
associated with the time coordinate while the term ,/7;; is associated with the remaining spatial coordinates.

Remember that here we are working with geometrized units in which ¢ = 1 so 7 = 1 hence the term o?

can be given by:

o = (1-X;)%=(1-2X; + X1 Xy) (531)

The Natario warp drive equation in the parallel covariant 3 +1 ADM formalism now becomes:

ds® = (1 — X;)?dt* — (\/yuda’ — Xdt)? (532)

ds? = (1 = 2X; + Xo Xy — X Xo)dt? + 24/ Xida' dt — yydz'ds’ (533)

(900 goi \ [ 1-2Xt+ XXy — XiXs ruXi 534

uv = . » = ~ X, e ( )
gi0  YGii vV Vi Yii
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The Natario warp drive equation in the parallel covariant 3 +1 ADM formalism is then given by:

ds® = (1 —2X; + X; Xy — X; X;)dt? + 2/ X;da' dt — ~i;dx'da’ (535)

(900 9goi \ _ [ 1-2X;+X: Xy — X0 X i Xi 536

G =\ " T )= i o (536)
g0 Gii Yii <\ Yii

Looking to the equation of the Natario vector nX defined for a variable velocity vs and a constant
acceleration a according to the Appendix C :

nX = Xle; + X"e, + X' (537)

nX = Xtdt + X"drs + X%rsdf (538)

The contravariant shift vector components X*, X" and X? of the Natario vector are defined by:

X' = 2n(rs)rscosfa (539)
X" = 2[2n(rs)? + rsn/ (rs)]atcosd (540)
X% = —on(rs)at[2n(rs) + rsn'(rs)) sin @ (541)

But remember that di?> = fyijdxida:j = dr? + r2d0? with v, = 1,70 = %2 /r = 1 /796 = r and
r = rs.The covariant shift vector components X;,X,s and Xy with » = rs are given by:

X = yu X' (542)

X =y X’ (543)

X =y X" = 2n(rs)rscosba (544)

X =9 X" = Xps = Yrars X5 = X7 = X" = 2[2n(rs)? + rsn/(rs)]atcosd (545)
Xg =709 X% = rs® X% = X0 = —2n(rs)at[2n(rs) + rsn’(rs)|rs sin (546)

Then the equation of the Natario warp drive in the parallel covariant 3 + 1 ADM formalism for a
variable velocity vs and a constant acceleration a is given by:

ds® = (1 — 2X; + X Xy — X5 Xps — X Xg)dt? + 2(X,gdrsdt + Xprsdfdt) — drs® — rs>df? (547)

ds® = (1 —2X; + X; X; — X5 Xps — XoXp)dt? + 2(X,sdrs + Xorsdf)dt — drs® — rs*d6? (548)

ds® = (1 —2X; + (X3)? — (Xps)? — (Xp)?)dt? + 2(X,sdrs + Xgrsdf)dt — drs* — rs*df? (549)
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22 Remarks

References [11],[12],[13],[14],[15],[22],[23],[24],[25],[26],[27] and [28] are standard textbooks used to study
General Relativity or warp drive spacetimes and these books are available or in paper editions or in elec-
tronic editions all in Adobe PDF Acrobat Reader.

We have the electronic editions of all these books

In order to make easy the reference cross-check of pages or equations specially for the readers of the paper
version of the books we adopt the following convention:when we refer for example the pages [507,508(b)]
or the pages [534,535(a)] in [11] the (b) stands for the number of the pages in the paper edition while the
(a) stands for the number of the same pages in the electronic edition displayed in the bottom line of the
Adobe PDF Acrobat Reader
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23 Epilogue

e "The only way of discovering the limits of the possible is to venture a little way past them into the
impossible.”-Arthur C.Clarke?®

e "The supreme task of the physicist is to arrive at those universal elementary laws from which the
cosmos can be built up by pure deduction. There is no logical path to these laws; only intuition,
resting on sympathetic understanding of experience, can reach them”-Albert Einstein?"?®

26special thanks to Maria Matreno from Residencia de Estudantes Universitas Lisboa Portugal for providing the Second
Law Of Arthur C.Clarke

2™ 1deas And Opinions” Einstein compilation, ISBN 0 — 517 — 88440 — 2, on page 226.” Principles of Research” ([Ideas and
Opinions],pp.224-227), described as ” Address delivered in celebration of Max Planck’s sixtieth birthday (1918) before the
Physical Society in Berlin”

28appears also in the Eric Baird book Relativity in Curved Spacetime ISBN 978 — 0 — 9557068 — 0 — 6
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