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ABSTRACT

In this paper we show that the use of a resonant cavity filled with a lossy dielectric can overcome the negative energy density requirement
in Alcubierre’s warp field equations. By using an imaginary part equal to or greater than the real part in the shaping function we generate
a positive, non-exotic energy density requirement to generate and sustain the warp bubble necessary to transport a craft through space.
We show simulation results for various shaping functions, the resulting Yorke time deformation, and the energy density over the warp
bubble required. We discuss potential realizations of a device which generates such a field using electromagnetic and rf theory. Finally,
we propose and show results of a simple experiment that uses these principles.

Keywords: Alcubierre, Warp Bubble, Spacetime, Yorke
Time, Space Travel, Relativity, Electromagnetics, Resonance,
Dielectric

Introduction

IN Alcubierre’s seminal paper [1] he describes the possibility
of moving a ship through by compressing spacetime in front
of the craft and expanding it behind the craft, thus producing
an apparent velocity, vs, in a given direction. This warping of
spacetime can produce apparent velocities that well exceed the
speed of light yet does not violate Einstein’s speed of light limit
[2]. This has given many researchers and practitioners hope that
we could build space vessels capable of reaching interstellar
destinations within human lifetimes [3-5].

The Alcubierre metric is described in equation (1) and is a
hyperbolic metric in 3+1 space time. It is,
ds’=—dt’ +(dx—y f( )dt) +dy* +dz* (1)
The shaping function, , is an expression that describes the

characteristics of the warp field that needs to be created to provide
movement in the desired direction and is a function of the radius

from the center of the ship. In equation (1) the shaping function
influences the x direction. Alcubierre offers a “top hat” shaping
function described in equation (2). The function with respect to
the radius is shown in Figure 1(a). The expression for the Yorke
time expansion and contraction, , is in equation (3) wherein it
is directly proportional to the derivative of the shaping function
with respect to the radius. Figure 1(b) shows the Yorke time
response visually. What is desirable about the specific shaping
function used is that it provides no space time distortion within
a region where the ship can reside. Therefore, the passengers
suffer no effects of time dilation or length contraction/expansion
within that region [6].

_ tanh(o (s, + R)) - tanh(o (7, - R))

10 2tanh(oR) 2)
and

& d
o(r,) =v, . dr (3)

In these expressions, R is the radius of the warp bubble and ¢ is
the thickness of the warp bubble shell. There are no restrictions
on the form of the shaping function, other than it would be
beneficial to provide a region of unaffected spacetime wherein
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passengers can reside. As we will discuss in the next section,
the required energy density is impacted by the shaping function.
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Figure 1: Visualization of (a) the shaping function f(r_s ) and
(b) the Yorke time contraction and expansion due to the shaping
function provided in equation (2).

Energy Density

The expression that is derived by Alcubierre for the required
energy density is developed by calculating the Einstein tensor
and is shown in equation (4). It provides negative values for the
energy density which violates conditions for weak, dominant,
and strong energy conditions as set forth by Hawking [7].
This suggests that the only way to form a warp bubble having
any realizable shaping function is through the application of
negative, or exotic, energy. While there has been much work
engaged in reducing the resulting magnitude of this energy
from the equivalent of mass contained within the entire known
universe [8] to that of the mass of a small space vehicle [9], the
solution is still a negative value. Some have even proposed the
use of antimatter [10] and dark energy as a possible alternative
[11], even though the existence of such an energy is currently
theoretical at best [12].

reE] )

The energy density expression is proportional to the square of
the derivative of the shaping function with respect to the radius.
For the shaping function described in equation (2) the energy
density is large and negative over the region containing the
warp field. Figure 2 shows this. The total energy is found by
integrating over the whole space.

Energy Density
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Figure 2: Required energy density distribution for the shaping
function described in equation (2).

In the next section we’ll describe how we can create a shaping
function that still maintains a region unaffected by Yorke time
expansion and contraction yet allows the solution to the energy
density equation to yield positive values.

Introducing a Complex Shaping Function
If we solve equation (4) for Zl we get,

(6))

which suggests that the derivative of the shaping function with
respect to the radius must be complex if we are to have a positive
energy density requirement. Suppose we allow the shaping
function to have the following form,

S )= fr)+if (n) =y f () + v, £ (1) (©6)
=ty ) f (1) =2 ()

then,

@, (7)
and
51

) (@Y
= ) (g + xy,)[%]

v e (L] (8)

So then,

R{[%‘H ~Gi- le)[%)g ©

Therefore if |y I [>|y_R | then the square of the derivative of the
shaping function with respect to the radius is negative, which
allows the required energy density distribution to be positive,
and perhaps even be in more of a manageable magnitude. Fig.
3(a) shows a map of the values of the energy density as the
values of y R and y I vary while fig. 3 shows a graph of the
value of the energy density given the ratio of y R to y_I. These
relationships are calculated using the “top hat” shaping function
first introduced by Alcubierre.
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Figure 3: A map of the total required energy given the values of
the complex components y R andy

Now if we select the values y R=0.2 and y 1= 0.6 then we see
the energy density distribution shown in Figure 4, which also
provides the desired Yorke time structure as before, as shown in
Figure 1(b).
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Figure 4: The energy density distribution fory R=0.2 and y 1
=0.6

Simulation Results

The top hat shaping function that been proposed is ideal for
creating a region of normal spacetime within the warp bubble. As
White pointed out the size and thickness of the warp bubble has
a significant impact on the energy density requirement [13]. In
the following discussion we will look at three additional shaping
functions and the energy required as a result. As we discuss
realizations it will shed some light on the potential experimental
results and the way that we might actually be able to produce a
physical system.

In our simulation we will look at (1) a quarter cosine function
whose peak is at the center of the ship position (r, = 0) and is
zero at = R. We will look at (2) a cosine squared function that
is zero at . = R, and (3) a sinx/x function that is damped as it
approaches r, = R. For each simulation the apparent velocity v =
10c, the radius of the warp bubble is 1 meter, and the “ship” sits
in the center of the warp field. For each situation we’ll show the
shaping function, the total energy over the complex plane, and
the Yorke time distribution and the energy density for a specific
set of complex values.
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Figure 5: The (a) total energy mapping over the complex plane,
the (b) shaping function, (c¢) Yorke time distribution, and (d)
energy density for and using a quarter cosine expression

J Mat Sci Eng Technol, 2026

www.oaskpublishers.com

Page: 3 of 7



Copyright © Chance M Glenn.

Volume 4 | Issue 1

total energy [J]

R

(2)

Shaping Function

0.7

06—

)
2 &

03

real
———— imaginary

02 \\\
o1 \
0 N
0 0.5 1 15 2
[ [meters]
(b)
Yorke Time

x.p)

05 0
x [meters]

(©)

Energy Density

T0%rp) Wim®)

-2
r, [meters] 2

(d)

Figure 6: The (a) total energy mapping over the complex plane,
the (b) shaping function, (c¢) Yorke time distribution, and (d)
energy density for y R=0.2 and y 1=0.6 using a cosine squared

expression
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Figure 7: The (a) total energy mapping over the complex plane,
the (b) shaping function, (c¢) Yorke time distribution, and (d)
energy density fory R=0.2 andy [=0.6 using a sinx/x expression

Realization
Einstein postulated that the gravitational pull between two bodies
was due to the bending of space time that occurs due to the mass
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of the objects [2]. The Alcubierre metric was formulated from
Einstein’s gravitational field equation formalism. Furthermore,
there exists a relationship between gravitational field equations
and Maxwell’s equations, which describe electromagnetic
interactions [14]. Electromagnetism can be formulated
mathematically in Minkowski space [15]. This suggests
that electromagnetic fields have the potential to affect space
time. The converse is clearly true as we are aware that strong
gravitational fields bend light, which can be characterized as an
electromagnetic wave [16].

A general solution to the wave equation, which comes from
Maxwell’s equations sets forth the expressions for the electric
field E, as

E(r,t)=E,"e™ (10)
and the energy density due to the electric field is
u=¢E’ (11)

where ¢ is the permittivity of the medium. Our strategy is to
construct a “warp core” from a resonant cavity filled with a
dielectric material with complex permittivity. That is,
e=c'+vic"= (g, +igy)e, (12)
Inside of the cavity, the shaping function is essentially the
electric flux density D = €E. Under a transverse magnetic mode,
particularly TM, , the field strength is maximum at the center of
the cavity. We have identified a liquid material that has the complex
permittivity of e =12.21+14.52i at a frequency of around 2.4 GHz
and a temperature of 20° C [18]. As we showed in the previous
section, if the imaginary part of the shaping function is greater
than the real part, then the energy density distribution required to
distort spacetime (Yorke time) in the manner shown is positive.

Figure 8 shows a diagram of the cylindrical cavity “warp core”
to be used for the simulation and experiment. The diameter of
the cylinder is calculated as a half wavelength in the material
to be used. The phase velocity is calculated as v :c/\/g so then
‘Z%fﬁ:”s’”’” In order to establish a TM010 mode the radius
of the cavity will be 8.9 mm, and we use the condition that d/r
< 2.03, or d < 18.09 mm [19]. Our goal is to demonstrate that
a region of warped spacetime is created at the center of the
cavity. The cavity is made such that there is a hole down the
center which will allow a laser beam to pass through it through
it unimpeded. If there is a perturbation of spacetime anywhere
within this region, the laser beam will be slightly deflected.

finput (2.4 GHz)

E-field

thylene, [ p L JoL. oo
glycol |

laser (deflected)

/ —a
B-field

Figure 8: Diagram of a cylindrical cavity resonator with rf at
2.4 GHz in TM010 mode used to perturb spacetime and deflect
a laser beam passing through it. Given the conditions set above,

the shaping function, based upon the electric flux density has
a cos(r) dependence as shown in Figure 9, with the real and
imaginary parts of the function determined by the permittivity
of the dielectric.
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Figure 9: The shaping function formed inside of the cylindrical
cavity based upon the electric flux density in TM,, mode

Under these conditions we expect the energy density to be that
which is show in Figure 10(a). It is positive and highest on the
outer edges of the radius. The Yorke time response in Figure
10(b) shows that in the region ahead of the “ship” spacetime
is compressed and it is expanded in the region behind. There
is only a negligible region where no spacetime compression or
expansion occurs. The experimental process in this situation is
such that we hope to observe some level of spacetime effect.
Should this be effective then work can be done on the geometry
or in the distribution of the dielectric material to produce a more
useful shaping function.
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Figure 10: The (a) energy density distribution and the (b) Yorke
time structure based upon the cylindrical resonant cavity filled
with a lossy dielectric excited with 2.4 GHz in TM,; mode
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Experiment

Our goal is to determine if it is possible to initiate and detect
any warping of space time by establishing an energy distribution
within a confined space having a profile like what Alcubierre and
White postulated. Any fluctuation, or distortion in space time
would affect the trajectory of a beam of light that passes through
that region. We set up a basic experiment to detect any deviation
in the intensity or phase of a beam of light that passes through
a region of a cavity having a rf field established in the manner
simulated above. The cavity is such that the ethylene glycol is
contained within it, yet there is a pass-through hole such that the
laser beam is unimpeded. Figure 11 shows a picture of the inside
of this cavity having the probe required to introduce the rf into it
and the complete cavity with an SMA connector.

(b)

Figure 11: (a)lnside of the 2.4 GHz rf cavity which holds the
ethylene glycol having a laser pass through hole, and (b) the
complete enclosed “warp core”

Setup

Figure 12 shows a block diagram of the experiment setup. A
650 nm laser beam is passed through the rf cavity through the
pass-through hole. It is captured by an optical sensor whose
voltage is measured by an oscilloscope. The rf cavity is fed by a
continuous 2.4 GHz source at approximately 100 mW of power.
Any fluctuations in voltage output to the scope will indicate that
the laser beam has been affected by alteration in spacetime near it.

Table 1: Rf Cavity Experiment Parameters

Cylindrical cavity diameter: 17.8 mm

Pass through hole diameter: 1.5 mm

rf source power: 100 mW

rf source frequency: 2.4 GHz
Laser wavelength(s): 410, 532, 650 nm
Real Impedance in cavity: 78 Ohms

warp core
(DUT)

optical sensor
laser source

oscilloscope
rf source P!

(2.4 GHz)

Figure 12: Diagram of the experimental setup to test any
spacetime variations produced by the “warp core”

Results

After several attempts with three types of lasers, we observed no
appreciable fluctuations in the voltage output on the oscilloscope
when we introduced the rf into the dielectric filled cavity. This
is not unexpected given that the energy densities required are
several orders of magnitude higher than what we were able to
produce with this bench top experiment.

Aback of the envelope calculation of the power density produced
starts by using known maximum power of the rf input to get the
maximum voltage as,

VZ
B = A Ve =N FPuuZo (13)

The maximum electric field in the cavity is E,.. = VZI“‘ where d =%
Inside the cavity, with it filled with ethylene glycol
i - 30 1/2 =8.6mm Therefore,

T

(14
The energy density in the cavity due to the rf is

v = 2Ty (15)
which is far short of the required energy density levels to distort
spacetime. As the goal here is to initiate the warping of spacetime
in a local region it would be advantageous to determine a
minimum required energy density to do so. Obousey proposes
a minimal energy density requirement based on the Hubble
constant but like White, suggests that this extremely high value
can be reduced by thinner walls at the edge of the warp bubble
[11,9]. We also recommend pulsed power in order to establish a
higher differential energy with respect to the radius. In addition,
if higher input energy is concentrated over a smaller region, then
the energy density is higher.

Summary

We have established mathematically that there exists the
potential to realize a positive required energy density in order to
warp space time. By using a complex shaping function where
the imaginary part is greater than the real part, the solution to
the expression for the required energy density is positive. This
ultimately makes it feasible to selectively bend spacetime for the
purposes of propelling a craft.

We have devised an experiment that utilizes a material having
the properties of possessing a greater imaginary component
to the dielectric constant than real component. This material,
introduced into a resonant cavity, sets up the conditions to realize
a shaping function in the form as is utilized in the Alcubierre’s
metric. While we were not able to detect a distortion to spacetime
we have established a potential structure from which to build
better experiments [19].

Additional considerations are to utilize metamaterials within a rf
chamber or cavity for the establishment of a complex structure.
By setting the stage for a positive energy density to warp space
time we move much closer to realizing this extraordinary
technological capability.
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