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The Status of The Warp Drive

1. INTRODUCTION

The motivation for the development of the warp drive proposal
has come about through the human desire to ‘reach for the
stars’. Among the fantastic discoveries we have made about the
universe and its contents, we have also discovered that it is vast
in size. In fact the distance between the stars is so large that this
presents a major obstacle for eventual interstellar travel and
human colonisation of other worlds. It takes even light over
four years to reach the nearest star Proxima Centauri, and light
travels fast (2.997 x 105 km/s). Historical and current technolo-
gies attain speeds which are only a fraction of the speed of
light. For example the Apollo spacecraft reached speeds of
~11km/s (~0.004%). Similarly, the Pioneer and Voyager space-
craft have only attained speeds of ~11 km/s (~0.004%) and
~17 km/s (~0.005%) respectively. Indeed, practical chemical
rockets have a physical limit to what speeds can be attained of
order ~0.05% of light speed. Clearly, these relatively low speeds
are inadequate for the task and it would take tens of thousands
of years to reach the nearest stars.

In an attempt to invent technological ways by which we may
travel faster through space, several novel theoretical propul-
sion schemes have been devised [1]. Some of these are more
achievable in the future than others, but all have their own
benefits. These subluminal technologies include: Solar sail
(~0.01%), Orion nuclear pulse (~3%), nuclear electric ion
rocket (~10%), microwave sail (~10%), laser sail (~20%),
metallic hydrogen (~20%), antimatter (~20%), Daedalus like
nuclear fusion (~30%), interstellar ramjet (~50%), negative
matter (~70%), Fusion+antimatter combined (~99%), photon
rocket (~100%). But this type of technologies are self limiting
due to special relativistic effects and do not allow for the
possibility of realistic interstellar travel to other stars in a time
period of order a human lifetime. Designers therefore turn
towards other potential propulsion schemes that are more prac-

tical for the requirement although perhaps more theoretical in
ambition. More exotic proposals include schemes based upon
the theoretical tachyon particles (>>100%) and worm holes,
which provides for instantaneous travel through non-trivial
multiple connected topologies in space.

In this paper we concentrate on a version of the so called
space drive concept. This proposal has many variations [2], but
fundamentally they can all be generically described as an ideal-
ised form of propulsion by which the fundamental properties of
space-time, mass or energy are altered in a controlled manner
anywhere in space to allow superluminal speeds. This is ac-
complished without a need to carry or expel a reaction mass. In
this paper we restrict our attention to the warp drive proposal
and the developments within the field to date.

The scientific formulation of the warp drive is based upon
Albert Einstein’s general theory of relativity, which was proposed
in 1915 and is widely described elsewhere [3]. General relativity
has produced a complete revolution in our understanding of stars,
galaxies and cosmology. It has given rise to the speculation and
acceptance of exotic objects like black holes – now considered
part of mainstream astrophysical research. Although when they
were first proposed scientists were sceptical of their existence for
decades. Work on wormholes has also become mainstream, al-
though their natural existence are not generally considered likely.
The calculations for black hole and wormhole physical properties
begin with the definition of the metric of space-time. Then using
the Einstein tensor one can calculate the necessary properties for
the source of the gravitational field, to produce the associated
space-time warpage.

The warp drive proposal is based upon the same principles
and presents an interesting educational tool for graduate stu-
dents who wish to gain experience with tensor mathematics.
For a civilisation to develop technologically, the liberty to
scientifically speculate is a necessary foundation for the birth
of original ideas. Also, understanding what the laws of physics
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may prohibit gives us a fundamental insight into natural laws
and its bounds. Our current knowledge of physical laws is
incomplete (i.e. quantum gravity, detection of the Higgs Boson
particle) so until our knowledge is more mature, the warp drive
proposal for interstellar travel remains a potential candidate for
future generations. Even if macroscopic warp bubbles are shown
to be unrealisable, it may be theoretically possible to create
microscopically small sized warp bubbles where the require-
ments are less demanding. Sub-atomic sized warp bubbles may
have other, not yet perceived applications separate from inter-
stellar travel (i.e. communication). This is an exciting field of
research that only began as an academic proposal a little over a
decade ago.

2. HISTORICAL DEVELOPMENTS

2.1 Alcubierre Metric

Unusual ideas in physics are common. Einstein’s special theory
of relativity allows for the effect of time dilation. What was a
surprise was that superluminal travel was allowed within the
framework of general relativity. To demonstrate this, in 1994
Alcubierre [4] used the mathematical tools of general relativity
to show how one can modify space-time to hypothetically allow
a ship to travel at large speed. A mathematical consistent solu-
tion was found of the Einstein field equations from a metric
tensor which described a modified space-time interpreted as a
‘warp drive’. By a local expansion of space-time behind the
ship and an opposite contraction in front of it, motion faster
than light (FTL) speed as seen by distance observers outside
the disturbed region is possible (see Fig. 1). The author sug-
gested that this was reminiscent of the warp drive in science
fiction. This was the groundbreaking seminal paper for the
warp drive and the beginning of this field as an academic topic.
The Alcubierre metric is described as:

2 2 2 2 2[ ( ) ( ( )) ]s sds dt dx v t f r t dt dy dz= − + − + + (1)

The radius rs(t) is a measure of the distance from the centre
of the warp bubble

2 2 2( ) ( ( ))s sr t x x t y z= − + + (2)

Where xs(t) = the trajectory of the bubble centre, vs(t)=bubble
velocity. The term f(rs) is a geometrical step type shape func-
tion that has a ‘top hat’ appearance and is given by
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The requirement on the type of shape function to describe
the warp bubble is that it is equal to unity inside the warp
bubble (f(rs)=1 at rs≤ R) and goes to zero outside the warp
bubble   (f(rs) → 0 as rs→R) so that flat Minkowski space-time
is recovered. The term σ is a wall thickness free parameter. A
ship will be located at rs = 0.

However, it was found that the calculated energy density
from the Einstein tensor is everywhere negative. Just with
wormholes, this implies a need for exotic matter to travel faster
than light speed. Although quantum field theory permits the
existence of regions with negative energy densities in some
special circumstances (i.e. Casimir effect), so this requirement
does not immediately eliminate the use of space-time distortion
for hyper fast interstellar travel.

2.2 Post Alcubierre

Since the seminal 1994 paper several dozen papers have ap-
peared in the literature discussing this interesting proposal.
One of these by Ford & Roman [5] discussed the requirement
for negative energy densities for warp drive type proposals.
Such negative energy states would violate the energy condi-
tions of general relativity, which requires that all observers see
a positive energy density. A similar difficulty exists for worm-
holes, in that they also require negative energy densities to hold
open the traversable throat. In further work, Pfenning & Ford
[6] showed that the negative energy requirements for form the
warp bubble would be proportional to the bubble velocity
squared and bubble radius squared and inversely proportional
to the warp bubble wall thickness. Calculations have since
shown that for a 100 m warp bubble (a reasonable size for any
ship), a negative mass equivalent of around ten to the power of
sixty five grams would be required. One could consider much
smaller warp bubbles formed by a negative mass equivalent of
the Earth, of order ten to the power of thirty three grams. This
would be sufficient to form a microscopic warp bubble of order
ten to the power of minus eighteen meters. These estimates
necessitate the use of the phrase ‘physically unobtainable ener-
gies’. The energy requirements would be less extreme if the
thickness of the warp bubble wall could be increased to say one
meter. In which case, the negative energy requirements would
be reduced to around a quarter of a solar mass. However,
quantum inequality constraints appear to apply a limit to the
maximum thickness of the warp bubble of order one hundred
Planck lengths.

Lobo & Visser [7] applied linearised gravity to the weak
field subluminal limit of the warp drive. They were able to
show how any ship contained within would in fact be able to
interact with the warp bubble space-time, although they also
showed that with subluminal speed the warp bubble would
violate the classical energy conditions of general relativity.
They were able to place a constraint on the total energy stored
in the warp field that must be less than the total mass-energy
that forms the ship. This suggested a restriction on the velocity
of the warp bubble and the difficulty with attaining a
superluminal speed.

In a popular critique of the warp drive proposal Natario [8]
has suggested that the expansion and contraction of the warp
drive space-time will allow for a situation where light rays
emitted in directions approaching the horizon would become
increasingly blue shifted, and becoming infinitely so at the
horizon. This effect may produce highly energetic radiation at
the front of the warp bubble (harmful to any crew or ship

Fig. 1  Alcubierre warp drive with expanding and contracting
spacetime.
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systems). It was also suggested that the presence of horizons
when the ship was going at superluminal speeds would causally
disconnect the ship from the surrounding warp bubble so that it
could not be controlled. The issues that Natario highlighted
were important and required addressing, although the issues are
controversially disputed [9].

In an effort to improve the situation, Van Den Broeck [10]
attempted to reduce the prohibitive negative energy require-
ments associated with the warp drive. He constructed a differ-
ent metric definition which allowed the surface area of the warp
bubble to remain microscopically small whilst simultaneously
expanding the spatial volume inside of it. This allowed for
significant reductions in the negative energy requirements, al-
though they were still at physically unobtainable levels. This
paper was important in that it showed that the energy require-
ments were heavily dependent upon the choice of metric defini-
tion, and so by a suitable design of the metric tensor, more
realistic warp drive proposals could be constructed.

Krasnikov [11] has highlighted the problem that in order to
construct a warp drive one would need to distribute a matter
field ahead of the ship in order to create the geometric structure
one requires - a so called ‘need one to make one’ paradox. As a
solution he suggested that any modifications to the space-time
for superluminal speeds would have to occur in the causal
future of the ship. He proposed the use of a tube of flat space-
time structure within but with opened out light cones. This tube
could be laid ahead of the ships path (by subluminal ships) so
that the departure and arrival points would be connected along
the trajectory of the warp bubble. This paper was important
because not only did it highlight a potential problem with warp
drive type schemes but also proposed an alternative solution.

2.3 Benefits Defined

The brief synopsis above hardly does the field justice and all of
the ~70 relevant papers have played an important role in the
development of this unique FTL proposal. The warp drive as
proposed by Alcubierre appears to have several major benefits,
sufficient to motivate us to continue exploring its prospects for
interstellar travel. These include:

Benefit 1:  Removal of interstellar distance barrier, as
no longer restricted to subluminal speed limitations. Get
faster than light travel, as measured by distant observer
outside of disturbed region. This will allow missions to
the nearby stars and closer examination of astrophysical
phenomena than is possible today.
Benefit 2:  It is a conventional transport scheme, in that
it requires no ‘tearing’ of space or non-trivial topologies
(i.e. wormholes) and does not require the transmission
of copies of objects across space as a means of getting to
the destination (i.e. teleportation).Warp drive is a simple
transport from origin to destination through space.
Benefit 3:  No time dilation effects, as usually expected
with other space propulsion schemes due to special
relativity. This is because the vehicle could be moving at
subluminal speeds so that clocks on board would remain
synchronized with the origin and destination.

Benefit 4:  No relativistic mass increase of vehicle,
since ship is at the centre of warp bubble is at rest with
respect to locally flat space.
Benefit 5:  No requirement for rocket type propulsion to

achieve near light speed, which usually restricts the
maximum speed attainable due to special relativistic
effects such as infinite thrust for infinite masses.
Benefit 6:  Technological and economic benefits to
mankind.

2.4 Current Problems Defined

Reviewing the current status of the warp drive today, we arrive
at many obstacles to making warp drive a realisable proposal
for interstellar travel. These are now defined as problems in no
particular order, so that any future researches can pick which
areas most interest them. Not unexpectedly, the problems are
strongly coupled, so that the solution of one problem may also
solve others.

Problem 1 - Realisable metric:  From general relativity,
we know that the energy-momentum tensor is related to
the metric of space-time via the Einstein field equations.
And in theory, any metric can be described
mathematically, but can such a metric be macroscopically
realised in reality. In other words, how do you ‘disturb’
the geometry of space to get the required shape function.
Problem 2 - Energy violation:  Warp drive requires
negative energy. But such ‘exotic’ energy is a violation
of the classical general relativity energy conditions (weak,
dominant, strong), both at subluminal and superluminal
speeds. For example, the weak energy condition WEC
states that in an observer’s frame of reference the energy
density should be non-negative

TµnV
µVn≥0 (4)

For all timelike vectors Vµ. Although quantum theory
does allow for this violation locally.
Problem 3: - Prohibitive energy requirements:  The
warp drive requires prohibitively large amounts of
negative energy at appreciable fraction of positive vehicle
mass. This is required from the quantum field, unless
taken from either a classical scalar field or the quantized
electromagnetic field to control inertia or gravitation.
Problem 4 - Energy source:  Source of negative energy
unknown. Classical physics does not allow it, but it is
not prohibited by laws of quantum physics (i.e Casimir
effect).
Problem 5 - Quantum instability:  Even if a negative
energy source can be found, it has been shown that the
vacuum stress-energy tensor of a quantized scalar field
will diverge to an infinite amount of energy when the
warp ship becomes superluminal and forms horizons.
Semi-classical back reaction effects may then prevent
the warp field from obtaining superluminal speeds.
Problem 6 - Energy conservation:  If a source can be
‘mined’ to power the warp drive, it must apparently
produce a lot more energy than has gone into to create it.
Problem 7 - Second law of thermodynamics:  The
presence of negative energy may conflict with this law of
physics. Where the generation of negative energy will
also produce a larger amount of positive energy which
could be used to power a perpetual motion machine,
without any external energy input.
Problem 8 - Stability & Control:  Not only is the
source of the negative energy unknown but also the
mechanism by which it could be induced or controlled
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(i.e engineering the vacuum). Although conjectures exist
for how this could be accomplished (e.g. manipulation
of extra dimensions of space-time or by affecting the
quantum vacuum energy), this remains an issue for further
study.
Problem 9 - The black hole problem:  Even if the
negative energy field could be generated from accessing
fundamental properties of the quantum field, a failure to
control the massive extreme field density could result in
the creation of a singularity (i.e. a black hole).

Problem 10 - Momentum conservation:  Conventional
rockets provide an expelled propellant as the reaction
mass. However, the warp drive will be essentially pushing
on space-time itself, which must suppose that the
properties of space-time provide for a reaction mass.

Problem 11 - Quantum inequalities:  Assuming the net
positive energy constraint is valid, any negative energy
pulse generated is constrained by a quantum uncertainty
principle. This has three consequences.(1) The stronger
the pulse, the shorter its duration (2) Any negative energy
pulse must be followed by stronger positive energy pulse
(3) the longer the time period between pulses, the stronger
the positive one.

Problem 12 - Wall thickness:  Any warp bubble will
have a negative energy wall thickness exceedingly thin
with respect to the bubble radius (e.g. of order
~100Planck lengths) as constrained by the quantum
inequality restrictions of negative energy in curved space-
times. The energy density of the wall would also be so
huge that it would exceed even nuclear density. The
extreme compression of the wall may also infinitely
increase the density of any radiation (i.e. radio signals)
that tried to get out. They would build up at the horizon,
preventing communications with the outside.

Problem 13 - Collision risk: Avoidance of vehicle
collision with approaching matter-radiation. Objects such
as rocks and space dust that approached the forward end
of the warp bubble would experience enormous
compression forces that may lead to an explosion of
particles when released and potentially remove energy
from the warp field.

Problem 14 - Blue shift effects:  Blue shift of front
arriving photons to high energy, creating radiation hazard
to vehicle and crew. The warp bubble is surrounded by a
‘bath’ of radiation, which increases in temperatures as
the velocity increases. The Unruh effect is a consequence
of an accelerating observer in a vacuum.

Problem 15 - Energy distribution:  In order for the
warp bubble to move forward, it first must distribute the
negative energy source ahead of itself. But how can it do
this when the bubble is already superluminal. This is the
‘need one to make one’ paradox, unless can distribute it
tachyonically.

Problem 16 - Causal disconnection:  Possible causal
disconnection of warp bubble from external negative
energy region, so that it could not be controlled or
contained. It would have to be continuously generated
externally. This is a result of the formation of past and
future event horizons surrounding the vehicle, when its
velocity exceeds that of light. It would also be impossible
to send a communications signal ahead of the vehicle,
since it would be quickly overtaken.

Problem 17 - Causality violations:  Possible presence
of causality violations or closed time-like curves, where
effects precedes cause. Although the laws of physics
may prevent this, such as by the ‘Hawking chronology
protection conjecture’.
Problem 18 - Comoving scale factor:  Where the warp
bubble size increases, commoving to the scale factor of
the expanding universe, although its shape remains
invariant.
Problem 19 - Tidal forces:  At the boundary between
the internal flat space part of the metric and the external
flat normal space, enormous tidal forces will be present
due to the extreme warpage there. Any vehicle contained
within the warp bubble must be isolated from these
forces.

3. NASA HORIZON MISSION METHODOLOGY

Now that we have considered some of the historical develop-
ments of the warp drive proposal, we are in a position to think
about the technological requirements for the future. Between
the period 1996 to 2002 NASA conducted the Breakthrough
Physics Propulsion Project [12] which focussed on three vi-
sionary goals for spaceflight (1) Mass – propulsion that re-
quires no propellant (2) Speed – propulsion that circumvents
existing speed limits (3) Energy – breakthrough methods of
energy production to power such devices. As part of this work
arose the NASA Horizon Mission Methodology [13] which is a
strategy for defining ‘the problem’ under study. Because the
technical goals of the study are generally impossible, one can-
not extrapolate realistic future requirements by depending on
existing solutions. This forces designers to go beyond existing
methods and consider ideas that lay at or outside the theoretical
‘horizon’. Although to be consistent with the known laws of
physics any analysis imposes the constraints of conservation of
momentum and energy on the solution. From this analysis a
‘problem statement’ is defined. The HMM examines a hypo-
thetical future which is termed a Horizon mission. This is
defined as an impossible but relevant space mission that has
capability and performance levels unreachable by linear ex-
trapolation of our existing technological knowledge.

The HMM strategy is to create a culture of thinking that
aims to provide new insight into research issues and inspire
potentially exciting visions for the future, unconstrained by the
usual paradigms. The thinking creates a hypothetical ‘flash
beam’ into the future that is beyond the defined horizon (see
Fig. 2) So that linear extrapolation is impossible and a new
frame of reference (boundaries, rules, context) is formulated.
Eventually, the HMM approach leads to the identification of
implicit engineering assumptions which underlay the horizon
and generates breakthrough alternatives to achieve this hypo-
thetical future. These alternatives are then linked back to the
present day to identify the requirements, application and impli-
cations for the mission. The ‘stepping stones’ towards fruition
of the vision are then defined in terms of a technological
roadmap. The example below for the warp drive has been
performed solely by this author and in a time constrained
setting. However, the spirit of the HMM philosophy necessi-
tates inclusion of several individuals within a workshop type
setting. This is required to allow for the cross fertilization of
ideas. Readers are invited to perform their own HMM type
assessment for warp drive.

From the discussion using the NASA Horizon mission meth-
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odology, we now construct the following problem statement for
the warp drive proposal, which is similar to those defined by
other authors [2].

‘A hypothetical future where a space vehicle has typical
transit times to nearby stars limited to a few years times
scale, so that solar systems within ~10-20 light years
radius can be practically reached, traveling at or
exceeding motion at the speed of light as measured by
distant observers. The vehicle should have a controllable
and sustainable mechanism that isolates the vehicle from
any absolute reference frame, and interacts with the
properties of space, matter or energy to induce a
unidirectional acceleration of the vehicle within the
bounds of conservation principles and consistent with
empirical observations’.

With such short transit times, human colonisation of the near
stellar neighbourhood becomes a feasible proposition for fu-
ture generations. The hypothetical and speculative solution to
this problem statement has been derived from this author (alone)
as a practice exercise. The application of the HMM philosophy
to this problem in the future is expected to realise more practi-
cal and specific solutions.

A future was envisioned where a civilization had the capac-
ity to engineer large scale Krasnikov-like tubes ahead of any
ship. A network of these would exist and be continually con-
structed outward from the point of origin (our solar system).
This would take place over many hundreds of years using fast
but subluminal propulsion schemes using as yet undefined new
energy sources, first pioneered by robotic vehicles into deep
space. The subluminal vehicles would be constructed of highly
lightweight, reliable and environmentally robust materials which
can be manufactured rapidly, so that an ‘exodus’ of thousands
of such vehicles could be dispatched continually. Following the
robotic vehicles, human colonies would follow behind and
settle along the route of the intended ‘tube’ in a frontier-like
expansion into the cosmos, with each colony dependent upon
the one before it. For colonies so far from the point of origin,
new forms of cultural, legal and social conventions would have
to be defined. To remain in contact with the distant home world,
new forms of communications may also be required such as the
transmission of signals through microscopic wormholes. It is
expected that new forms of materials would have to be de-
signed for such applications. All vehicles would be constructed

within the low gravity lunar environment and potentially em-
ploying the He3 source on the moon for fusion reactions. This
would require a substantial lunar settlement and manufacturing
base.

This leads to several hypothetical pathways or a ‘roadmap’
to attaining the future technological capability as defined in the
impossible mission. Each one of these pathways contains many
sub-pathways, but these are not discussed in this paper:

Pathway 1: Develop subluminal propulsion for human and
robotic constructors.

Pathway 2: New materials for robotic constructors.
Pathway 3: Physics coupling of space, matter and energy.
Pathway 4: Exotic matter/energy source and control.
Pathway 5. Faster computers for maintenance and control

of warp drive.
Pathway 6: Cultural science shift.
Pathway 7: Legal & moral framework for deep space

colonies.

Finally, several important near term ‘stepping stones’ are
defined as important in elucidating the underlying physics of
the warp drive proposal:

1. Practical creation of negative matter-energy
2. Requirement for more powerful computers than exist

today to perform the necessary computations for a warp
field.

3. Improved understanding of the laws of physics. This
includes a complete description of quantum gravity as
well as an understanding into the source of matter for
gravitational fields (i.e. Higgs Boson).

4. Creation of microscopic black holes within a laboratory
environment, to enable study of their cause, properties,
behaviour and collapse.

5. Direct observations of black holes and their properties.
6. Detection of gravitational waves from stellar events or

early universe.
7. Development of alternative propulsion schemes (i.e.

fusion) that approach the light speed barrier. This will
enable a proper study into the effects (i.e radiation) on
vehicles that travel at near lights speeds.

8. Development of computational tools for the study of
warp drive physics under appropriate assumptions (i.e.
fluid dynamics simulations).

9. Encouragement of wider academic interest in the warp
drive, to better understand and appraise its potential for
the future.

4. CONCLUSIONS

In this paper we have discussed the recent developments with
the warp drive and identified some of the important obstacles
towards its technological fruition. Using the NASA HMM we
have derived a problem statement for the warp drive proposal.
This statement should be useful in identifying future ‘stepping
stones’ on the path to the interstellar exploration of space. The
warp drive is a young academic field and future work may ease
the path to breaking the interstellar distance barrier. It would be
interesting to revisit the status of the warp drive in future years.

Fig. 2  NASA HMM philosophy – illuminating the future horizon.



6

K.F. Long

Hopefully, a more optimistic vision of the proposal will exist
than presented by the current status, which suggests the warp
drive proposal is technically prohibitive and will not be ‘warp-
ing’ anywhere, anytime soon. Although it is possible that crea-
tive theoretical physicists emboldened by impossible challenges
will improve the warp drive proposal prospects in the coming
century. Indeed, it is worth ending with a quote from Arthur C.
Clarke [14]:

“Anything that is theoretically possible will be achieved
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in practice, no matter what the technical difficulties, if it
is desired greatly enough. It is no argument against any
project to say: ‘The ideas fantastic!’ Most of the things
that have happened in the last fifty years have been
fantastic, and it is only by assuming that they will
continue to be so that we have any hope of anticipating
the future. To do this – to avoid that failure of nerve for
which history exacts so merciless a penalty – we must
have the courage to follow all technical extrapolations
to their logical conclusion.”
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