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Abstract

The Alcubierszre warp drive, a theoretical faster-than-light propulsion mech-
anism, has long been constrained by its reliance on exotic negative-energy ma-
terials. This paper presents a novel approach to overcoming this limitation by
leveraging generalized gauge transformations to establish a new formula with
directly conversion between the electromagnetic tensor and the Weyl tensor.
By manipulating electromagnetic fields, we demonstrate a method to control
spacetime curvature, enabling the compression of space at the front of the
spacecraft (positive curvature) and expansion at the rear (negative curvature),
thereby eliminating the need for exotic matter. Furthermore, we analyze the
energy requirements for a realistically sized 20-meter-diameter warp bubble
under this new framework. Our calculations reveal a significant reduction in
energy demands, with an estimated requirement of 4.9 x 10° J, which is far
below the infeasible 10% J predicted by traditional models. Additionally, we
explore the implications for causality and time travel, assessing the feasibility
of avoiding paradoxes while investigating the potential for controlled tem-
poral navigation. This study builds upon the unification of fundamental inter-
actions within principal fiber bundles, providing a feasible pathway for the
engineering realization of warp-drive spacecraft. By redefining the role of elec-
tromagnetism in spacetime geometry, our findings suggest that superluminal
travel may be technologically feasible in the foreseeable future, potentially
marking the beginning of humanity’s interstellar era.

Keywords

Warp Drive Ship, Generalized Gauge Transformation, Weyl Tensor,
Electromagnetic Tensor, Superluminal Travel

1. Introduction

The idea of faster-than-light (FTL) travel remains one of the most intriguing pos-

sibilities in modern theoretical physics. Among the proposed models, the Al-
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cubierre warp drive, first introduced by Miguel Alcubierre in 1994 [1], suggests a
mechanism in which a spacecraft can travel faster than light without violating spe-
cial relativity. This is achieved by contracting spacetime in front of the spacecraft
and expanding it behind, effectively allowing the ship to “surf” on a wave of
spacetime. Despite its theoretical appeal, the Alcubierre drive faces several funda-
mental challenges that have been the subject of extensive research over the past
three decades. These challenges include the requirement of negative energy, the
feasibility of dynamically adjusting spacetime curvature, the potential implica-
tions for closed timelike curves (CTCs) and time travel, and the enormous energy
demands associated with sustaining a warp bubble.

One of the primary obstacles to realizing an Alcubierre drive is the requirement
for negative energy density to sustain the warp bubble. Negative energy, as predicted
by quantum field theory, has been observed in certain physical phenomena such as
the Casimir effect [2]. However, the amount required for a macroscopic warp drive
is believed to be orders of magnitude greater than what can currently be produced
in laboratory conditions. Recent work by Lentz [3] and Bobrick & Martire [4] sug-
gests that certain spacetime geometries may allow for modified warp bubble solu-
tions that minimize or bypass the need for exotic matter, although these models
remain speculative. Moreover, recent advances in quantum field theory and semi-
classical gravity indicate that energy condition violations may be less severe than
previously thought, offering a possible path forward for future research [5].

Another major challenge is the engineering of spacetime itself to achieve the de-
sired contraction and expansion. Theoretical studies by Natario [6] propose alterna-
tive formulations of warp drive metrics that remove the need for an explicit expan-
sion region, suggesting that different geometries may yield more practical designs.
Additionally, recent studies on metric engineering in higher-dimensional theories
and modified gravity models (such as f(R) gravity and string theory) hint at possible
mechanisms for warping spacetime without requiring unattainable energy densities
[7]. Furthermore, numerical simulations conducted by White et a/ at NASA’s Eagle-
works laboratory have explored potential ways to manipulate spacetime using local
energy fluctuations, though experimental confirmation remains elusive [8].

A crucial and often-debated aspect of warp drive physics is its potential link to
time travel. Since any superluminal travel in general relativity implies the possi-
bility of closed timelike curves (CTCs), an operational Alcubierre drive could the-
oretically enable backward time travel, leading to causality paradoxes [9]. Work
by Everett and Roman [10] has examined the stability of CTCs in warp drive
spacetimes, concluding that quantum backreaction effects could potentially pre-
vent such paradoxes. Furthermore, Barcelé et al [11] have explored whether
quantum inequalities and chronology protection mechanisms proposed by Hawk-
ing might prevent the formation of CTCs in physically realistic scenarios. Never-
theless, this remains an open question, with ongoing debate about whether cau-
sality violations are an unavoidable feature of FTL travel or if some yet-undiscov-

ered mechanism might resolve the issue.
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The energy demands of the Alcubierre drive remain a major hurdle, with early
estimates suggesting that the required energy would exceed the total mass-energy
of the observable universe [12]. Recent research has focused on refining these cal-
culations to make them more physically reasonable. Pfenning and Ford [13] in-
troduced constraints on warp bubble energy distributions, demonstrating that re-
ducing the thickness of the warp bubble wall could significantly lower energy re-
quirements. Additionally, recent work by Lentz [3] suggests that soliton-based
configurations of the warp bubble could allow for subluminal preparation before
reaching superluminal speeds, potentially reducing energy needs. Meanwhile, re-
search on quantum vacuum energy manipulation, such as that conducted by Da-
vis and Puthoff [14], proposes that future advancements in quantum field control
might enable the extraction of usable negative energy from the vacuum itself.

Given the challenges outlined above, this paper aims to explore possible solu-
tions and theoretical advancements in the physics of Alcubierre warp drives. In
Section 2, we analyze the latest approaches to the negative energy problem and
discuss potential alternatives such as the generalized gauge transformation from
the electromagnetic field to gravitation field proposed by our previous works [15]-
[19]. Section 3 explores spacetime curvature adjustments, examining how modi-
fied warp metrics could lead to more feasible drive configurations by the 2 forms
of curvature. In Sections 4 and 5, we consider the use of the electromagnetic tensor
through a similarity gauge transformation to transition to the Weyl tensor, which
can be employed to control the spatial curvature of the spacecraft. This allows for
the compression of space at the spacecraft’s nose (positive curvature) and the
stretching of space at its tail (negative curvature). This approach circumvents the
need for exotic negative-energy materials, which is a central theme of this paper.
Section 6 further discusses the relationship between the external and intrinsic cur-
vatures in the Alcubierre warp drive, confirming that our method of adjusting the
Riemann curvature is equivalent to manipulating the external curvature and thus
effective. In Section 7, we explore the implications for time travel, examining po-
tential mechanisms to avoid causality paradoxes. Ultimately, we propose a model
for a time machine utilizing the Alcubierre warp drive for faster-than-light travel.
Section 8 delves into the energy requirements for constructing a realistically-sized
Alcubierre warp drive spacecraft. We find that if the new physical mechanism
proposed by us—based on generalized gauge transformations to convert electro-
magnetic forces into gravitational effects—can be realized, building such a space-
craft could become feasible in the near future. Finally, in Section 9, we summarize
the key findings presented above and offer an outlook for the future, asserting that
the new unified physical mechanism for the fundamental forces, recently pro-
posed by author under generalized gauge transformations, could potentially ac-

celerate the arrival of humanity’s interstellar spacefaring era.

2. Negative Energy Problem of Alcubierre Warp Drive

The negative energy requirement of the Alcubierre warp drive is the most signifi-
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cant challenge in constructing an Alcubierre warp drive spacecraft. Due to this
requirement, building an Alcubierre warp drive spacecraft is nearly impossible.
The negative energy requirement of the Alcubierre warp drive is indeed closely
related to its spacetime geometric structure, particularly the negative curvature at
the tail end. A detailed analysis is as follows:

The spacetime structure of the Alcubierre metric is expressed in the form of the

Alcubierre metric:
ds? =—dr? +(dv—v, (£) £ (r,)de)” +d* +dz° 1)

where v_(¢) is the instantaneous velocity of the warp bubble, and

r(1)= (x - X, (t))2 +)° +z° represents the distance from the spacecraft center
at x,(7) toaspatial point. f (rs) is a modulation function that satisfies

f (rx ) =1 (compression ahead of the spacecraft) and f (rs) ~0 (stretching be-
hind the spacecraft).

The key feature here is that the front of the spacecraft experiences spacetime
compression: as f’ (rs)—> 1, spatial contraction occurs (positive curvature). At
the rear of the spacecraft, spacetime undergoes stretching: as f (11) — 0, spatial
expansion occurs (negative curvature).

The negative energy required for the Alcubierre drive is actually a consequence
of the constraints imposed by Einstein’s field equations. Specifically, according to

the Einstein field equations G,, =8nT,

> the curvature of spacetime is deter-

mined by the energy-momentum tensor 7,, . By calculating the Einstein tensor
G,, for the Alcubierre metric, the required energy density—specifically the ex-

pression for the energy density T, —can be obtained:

1w (a)

72)0_871 4 (drs) @
o Ll vwpl(d 4

While Tm—gn{ , (d}fvf(n)J[dlvs(t)J} 3)
_uifa Y e Y

- )] - L 100) @

where T, =Ty, =T, =T;;, =T, =T, =T;; =0,and p=4y"+z*.

It is important to note that the above calculation shows that the variation in
spacetime curvature is governed by the energy density T7,, which, through the
Einstein field equations, adjusts the Einstein tensor G,,, and thus alters the
curvature. From this, a key conclusion can be drawn: in regions where the warp
bubble wall (represented by f (rs) ) changes rapidly, the energy density T, be-
comes negative. This negative energy is concentrated in the annular region sur-
rounding the spacecraft, not just at the tail end. However, the requirement for
negative curvature at the tail plays a crucial role in this phenomenon. While the
negative energy is distributed across the entire wall of the warp bubble, it is the

negative curvature at the spacecraft’s tail (space stretching) that serves as the core

DOI: 10.4236/jmp.2025.164025

486 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.164025

B. Qiao

reason for the negative energy requirement. In addition to the energy density
T, the components T, and 7, also play important roles in the dynamics of
the Alcubierre warp drive. In fact, the component 7|, represents the flux of
energy in the x -direction, related to the movement of the warp bubble. Specifi-
cally, 7, canbe interpreted as a form of momentum density in the x -direction,

as it involves both the velocity of the bubble v, (t) and the time derivative of the
bubble’s velocity, %VS (7). This term reflects how the acceleration of the warp

bubble influences the stress-energy distribution in spacetime. It accounts for the
rate at which momentum is transferred through the bubble, which is essential for
understanding the interactions between the warp bubble and the surrounding
spacetime. The component 7], represents the stressinthe x -direction (a spatial
component of the pressure). It captures how the shape of the warp bubble, as de-
scribed by the function f(r,), influences the distribution of stress within the
bubble’s wall. The term 7}, indicates how the spatial variation of the warp bub-
ble’s geometry—particularly the gradient of ['(r,) —affects the internal stress.
This can be seen as a form of spatial pressure within the bubble, which, like T, ,
is crucial for maintaining the integrity of the bubble and ensuring that it does not
collapse or lose its shape during operation.

Therefore T, representsthe energy density, 7;, represents momentum den-
sity in the direction of the warp bubble’s motion, and 7}, captures the stress (or
pressure) within the spacetime fabric due to the curvature. These three compo-
nents work together to shape the dynamics of the Alcubierre drive and determine
how energy and momentum are distributed within the bubble, ultimately leading
to the creation and maintenance of the warp bubble’s spacetime geometry. Thus,
while negative energy is essential for the creation of the warp bubble, the momen-
tum density and stress terms are crucial for the stability and propagation of the
bubble through spacetime. The negative energy requirement at the tail end is in-
tricately tied to the negative curvature and the specific distribution of these com-
ponents within the spacetime fabric.

So, how are negative energy and the negative curvature at the tail directly
linked?

Firstly, what is the physical significance of negative curvature? Negative curva-
ture signifies a spacetime geometry where the rate of expansion of space exceeds
that of flat spacetime. This expansion must be driven by negative energy (negative
pressure), similar to the effect of dark energy in the cosmic expansion. Typically,
the spatial compression at the front of the spacecraft (positive curvature) corre-
sponds to positive energy density. However, actual calculations show above that
all energy densities Tj, in the Alcubierre metric are dominated by negative en-
ergy. This is due to the overarching coherence required by the spacetime structure:
in compressing spacetime at the front, it is simultaneously stretched at the rear,
and this dynamic equilibrium must be maintained through negative energy, as

shown by Equation (2). The energy density T, remains negative. This results in

DOI: 10.4236/jmp.2025.164025

487 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.164025

B. Qiao

a violation of classical energy conditions.

In fact, classical general relativity requires that matter satisfies energy condi-
tions, such as:

(a) Weak Energy Condition (WEC): ( 7, u“u” >0) (for all timelike vectors
u"), meaning energy density must be non-negative.

(b) Null Energy Condition (NEC): (7, k“k" > 0 )(for all null vectors £*).

However, the negative energy density of the Alcubierre engine directly violates
these conditions, leading to the following issues:

a. Exotic Matter: A material with negative energy density is required, but
known forms of matter in the universe (such as ordinary matter or electromag-
netic fields) are incapable of satisfying this requirement.

b. Stability and Causality: Negative energy may lead to spacetime instability
(e.g., vacuum decay) or closed timelike curves (time travel paradoxes).

Is the Need for Negative Energy Inevitable? Unfortunately, based on current
theoretical analysis of the Alcubierre spacecraft, negative energy is a core require-
ment. This necessity arises for several reasons:

(1) Topological Constraints: Achieving faster-than-light motion requires a
global alteration of spacetime topology, and negative energy is a necessary condi-
tion for maintaining this topology.

(2) Quantum Effects: Quantum field theory permits localized negative energy
(e.g., the Casimir effect). However, the total amount and duration of this negative
energy are constrained by the quantum inequalities, which may be insufficient to
sustain a macroscopic warp bubble.

In short, the negative curvature at the tail end of the Alcubierre engine (spatial
stretching) necessitates the use of negative energy. This is a direct consequence of
Einstein’s field equations. Moreover, negative energy is not confined to the tail
end but is distributed throughout the annular region of the warp bubble wall, co-
ordinating the compression and expansion of spacetime across the entire bubble.

The need for negative energy is the primary theoretical obstacle for the Al-
cubierre warp drive. Solving this problem may require a breakthrough in the
framework where the energy-momentum tensor generates gravity via Einstein’s
field equations [20]. In fact, we can consider whether the theory of generalized
gauge transformations introduces an alternative path to converting different fun-
damental interactions into gravity. For example, electromagnetic forces could be
converted into gravitational forces through a similarity gauge transformation
[15]-[19].

Specifically, if we employ the theory of generalized gauge transformations and
introduce a new physical mechanism for the similarity gauge transformation of
fundamental interactions, the electromagnetic field could directly regulate the
Weyl tensor or the curvature tensor via similarity gauge transformations. This
would circumvent the constraints imposed by Einstein’s field equations, eliminat-
ing the need for exotic matter with negative energy to control the negative curva-

ture at the tail end of the Alcubierre engine. Below, we present the framework for
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this approach:
First, we define the curvature 2-form as:

R, =R, (e,) (e,) (5)

where:
* R, isthecurvature tensorin abstractindex a and b notation, indicating
that curvature arises from the properties of the connection.
. (e ., )a is the basis field, which maps the abstract indices a, b to the compo-
nent indices p, o.
Then, according to the similarity gauge transformation equation, the electro-
magnetic field tensor £, is expressed as a similarity transformation of the ma-

trix form of the curvature 2-form R, ﬂv , Le.,

v (F,)U=(R,,") (6)

Here, (FW) is the matrix representation of the electromagnetic field tensor
(in the Lie algebra form), and ( Rabﬂv) is the matrix representation of the curva-
ture 2-form (in the Lie algebra form). U is the matrix representation of the gen-
eralized gauge transformation, indicating that electromagnetic forces can be con-
verted into gravitational forces through this transformation.

This implies that F

M

itself can be viewed as a geometric object describing
curvature, thus integrating the geometric properties of the electromagnetic field
(while bypassing Einstein’s field equations) directly into the framework of general
relativity. The transformation of electromagnetic forces into gravitational effects
via the energy-momentum tensor is termed a dynamical transformation, while
this process itself could be called similarity gauge transformation, with the corre-

sponding equation referred to as the generalized gauge equation [15]-[19] [21].
3. The Physical Significance of F,,

The physical significance of F,, being analogous to curvature 2-forms is pro-
found. By transforming F,, through a gauge transformation into the curvature
2-form R, " [21], we achieve an important insight: it provides a geometric in-
terpretation of the electromagnetic field. This suggests that both gravity and elec-
tromagnetism, at their core, are manifestations of curvature projected onto our
universe’s base manifold in different regions. In classical electromagnetism, F,,
describes the intensities of the electric and magnetic fields. Through this general-
ized gauge transformation, the electromagnetic field is geometrized as a funda-
mental field describing the curvature of spacetime.

Thus, the variation (gradient) of the electromagnetic field is no longer just a
manifestation of a material field, but directly reflects the nature of spacetime cur-
vature. Of course, as shown by Einstein’s field equations, the electromagnetic field,
through its energy-momentum tensor, can influence the curvature of spacetime
as well. This phenomenon can be regarded as a “dynamical” transformation, while

the aforementioned generalized gauge transformation can be viewed as a “geo-
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metrical” transformation.
On another level, because the curvature 2-form is essentially the exterior deriv-

ative of the connection (Cartan’s second structure equation):

R, =do, +o, 0, (7)

a

If F,, isanalogous to the curvature 2-form, then the behavior of the electro-
magnetic field can influence the variation of the connection (1-form) field a)”v ,
which corresponds to the gauge potential of the electromagnetic field. This is con-
sistent with string theory, where the gauge field tensor (such as F,, ) can be
viewed as a curvature form through non-commutative geometry and low-energy
effective field theory. Therefore, the above conclusion aligns closely with the per-
spectives found in string theory.

Thus, we can assume that F,, ~ R, . without the need to introduce a com-
plex relationship between F,, and R, ., meaningthat F, < R, "~ repre-
sents a definitional similarity transformation. What’s interesting is that the “spe-
cial” 2-form R, " above is antisymmetric, and the electromagnetic tensor is
also antisymmetric. The Weyl tensor, which is the antisymmetric part of the cur-
vature tensor, is also antisymmetric. This leads to our conjecture: Can a relation-
ship be established between the electromagnetic tensor and the Weyl tensor?

In fact, in general relativity, some free components of the Weyl tensor may have
a mathematical structure similar to that of the electromagnetic field. In particular:
e The electromagnetic field tensor £, is antisymmetric and its dynamics are

determined by Maxwell’s equations, namely,
0 -E -E, -E
E 0 B, -B

Its Maxwell equation is expressed as
0'F, =-4nJ, 9)
O f =0 (10)

where J, is the 4 current density.

e The components of the Weyl tensor can also be expressed as a set of antisym-
metric tensor components (but they describe the degrees of freedom of gravi-
tational waves or curvature), that is, for a generalized Riemann space with di-

mension » >3, the Weyl tensor C,, , can be defined as:
2 2
Cabcd = Rabcd _E(ga[cRd]b - gb[cRd]a ) + ng”[cgd]b (1 1)

The Weyl tensor is basically antisymmetric [21] [22], so the Weyl tensor is the

traceless part of the curvature tensor, that is

Cabcd = _Cbacd = _Cabdc = Ccdab > C[ab(,-]d = 0 (12)
C,.. alltracesofare 0. (13)
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If we put certain components of the Weyl tensor into one-to-one correspond-
ence with the electromagnetic field tensor and force their eigenvalues to be equal,
then we can actually physically propose a possibility of transforming the two into
each other using the generalized gauge similarity transformation (6):

e The dynamic behavior of the electromagnetic field may be the dynamic behav-
ior of some kind of curvature tensor (geometrization).

e From the perspective of eigenvalues, this curvature can in some sense “encode”
the properties of the electromagnetic field.

Then, if we de-diagonalize the eigenvalues back into the curvature tensor ma-
trix, we are actually trying to reconstruct the complete tensor structure from the
“geometric features”. In this case, it can be understood as:
¢ Allinformation about the electromagnetic field is fully embedded in the tensor

representation of spacetime curvature.
o This regression operation shows that the electromagnetic field is no longer an
independent field, but a specific manifestation in spacetime geometry.

Mathematical physics processes theoretically can still be expressed in similar
expressions as above. For example, by diagonalizing both sides and adjusting the

electromagnetic field to make their eigenvalues equal, we can get
W (Covea W =W (Eo )W (14)

wuved

We then de-diagonalize the eigenvalues back into the curvature tensor matrix,
in effect trying to reconstruct the complete tensor structure from the “geometric
features”, then we get

(c

wuved

)= (B )Wt = (B, )W (15)

wv
where W =W,W ", W, e U(l) , W, e 50(1,3) or 0(4) , which is consistent
with the definition of the transfer function of the generalized gauge transfor-
mation in [19]. The electromagnetic field is converted into the gravitational field
through the generalized gauge transformation.

This is an important outcome of geometrization thinking. It suggests that the
electromagnetic field and the gravitational field may not be independent but are
linked to space-time geometry itself through generalized gauge transformations.
Consequently, electromagnetic waves might transform deeply with gravitational
waves, indicating that both are specific projection forms of the principal bundle
curvature (or connection) in our universe [23]-[26].

The further significance of the above formula is that the unified field theory
[15]-[19] [21] we proposed is physically grounded and correct. This approach’s
potential significance forunified field theory lies in the equivalence of the complex
eigenvalues of the electromagnetic field with those of the Weyl curvature, suggest-
ing a shared geometric foundation. This demonstrates that the gravitational field
described by general relativity can be entirely represented by a geometric tensor,
and if the electromagnetic field can be similarly geometrized, it indicates that elec-
tromagnetic phenomena are actually part of a higher-dimensional geometric struc-

ture.
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Not only that, since F,, can be transformed into part of the Weyl Tensor 2-
form, through the above “ideal physical process”, so that the diagonal matrix of
the electromagnetic tensor can be mapped back to the original form of the Weyl

tensor, this inspires us to construct a new formula:

Cypo =« (F,,F,y —F,,F,) (16)

up” vo Ho " vp

where « is the conversion efficiency coefficient.

The above formula (16) is constructed based on the conditions for converting
the electromagnetic tensor into the Weyl tensor through the gauge similarity
transformation. The most important thing is to verify whether the formula satis-
fies the properties of the Weyl tensor C,, .. We need to check whether the defi-
nition and properties of the Weyl tensor are satisfied one by one. The following is
a detailed analysis and verification process:

Because the Weyl tensor C,, . is a fourth-order tensor describing the free
part (passive part) of the gravitational field, it has the following properties:

a. Antisymmetry: C, =-C _=-C

wvpo vupo uvop >
C/wﬂc = de/lv :
b. Tracelessness: Any pair of indices is zero after contraction, for example,
ch =0.

vuc

c. Conformal invariance: The Weyl tensor remains unchanged under conformal

Exchange symmetry:

transformations.
To do this we need to verify that formula (16) has:
a) Antisymmetry: for 4z <> v, we have
C,po =«(F,F,, - F,F,)=-«(F,F,~F,F,)=-C,,, satisfies antisym-

metry. For p <> o : we have
C,o =«(F,F,, - F,F,)=-«(F,F, ~F,F,)=-C,,, satisfies antisym-

uvpo vp© uo vo© up Vo up vp~ uo HVpo
metry.

b) Commutative symmetry: For (uv)<> (po): we have
Coor = K(FPHFUV —FpVFJ#). But since F,, is antisymmetric F, =-F, , so
there is C, = K'(F ko —F, vao,,) = K(Fﬂ oFo —F.F, p) satisfies commuta-
tive symmetry.

c) Tracelessness: For the contraction of ; and p, we have
C‘ng = (F;’F‘r —FU”FW ) . Since F,, isantisymmetric, Fﬂ” =0;and for F;’Fw R

. _ Copap . . .
since F,, =-F,, , we have: F/F, =-F}F, . Since F, is traceless, that is,

Vi

Fy =0 in the electromagnetic field, the term F/'F, is also zero. Therefore:

o ouv

ch, = (F wF,—F'F, ) =0 satisfies tracelessness.

vuoc

wup* vo uctvp
depends on the electromagnetic tensor £, and F,, is covariant under con-

d) Conformal invariance: Because the formula C,, . =K(F F,—-F,F )

formal transformations, and because x is a transformation constant and also a

conformally invariant constant, C,,,, satisfies conformal invariance.

Through the above analysis, we can draw the following conclusions:

o Symmetry: Formula (16) C,, = K'(F F_-F,F ) satisfies the antisym-

up” vo uo” vp
metry and commutative symmetry of the Weyl tensor.
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o Tracelessness: The formula satisfies the tracelessness of the Weyl tensor.
o Conformal invariance: Since x is a conformally invariant constant, the for-
mula satisfies the conformal invariance of the Weyl tensor.

Therefore, formula (16) C,,,, = K(F;I oo —Fu.oF, p) mathematically satisfies
all the properties of the Weyl tensor. Not only that, in Appendix A, we can also
prove that the tensors suchas F),, in the equation indeed satisfy Maxwell’s elec-
tromagnetic field equation and do not conflict with Einstein’s equation. There-
fore, the left-hand side of the formula is not only very consistent with the Weyl
tensor, but the entire equation is also a mathematical and physical self consistent
relationship, which implies that the electromagnetic field must obey the complete
Maxwell theory (see Appendix A for a detailed proof). This conclusion holds true
within the framework of the intersection of general relativity and classical electro-
dynamics, providing new possibilities for exploring the unified theory of gravity
and electromagnetism. What’s even more interesting is that if we perform a gauge
similarity transformation of the formula (14) type on both sides of this new equa-
tion, we can quickly find that both sides of the equation will be transformed into
the Weyl tensors. This still keeps both sides of the equation equal, indicating that
the foundation of this equation is in harmony with the mathematical framework
of the generalized gauge transformation of (14), which can convert electromag-

netic force to the gravitational force [15]-[19].

4. Controlling the Weyl Tensor

Our current framework employs Equation (16) to modulate the Weyl tensor
C

uvpo 2
in turn determines the compression and stretching regions in front and behind

thereby inducing controlled alterations in the shape function f(r,). This

the spacecraft. The shape function f(r,) is then controlled by the hyperbolic
tangent function to smoothly change the positive and negative curvature of the
space region. In this way, we first introduce a new definition of the shape function,
that is, the change of the shape function is controlled by the components of the

Weyl tensor as

o

f(rs)=f0+a-tanh(ﬂj (17)

where f, is a basic shape function that gives the warp bubble its basic structure;

X—x,
a is the influence strength of the Weyl tensor; tanh(—“) controls the
o

smoothness of the transition region. The components of the Weyl tensor are de-
fined as follows:

.. =k~tanh(x_xsj (18)
o
k X—x
Cl’}’f}’ = Ctztz = _E'tanh[ o SJ (19)
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This means that the relationship between the Weyl tensor and the shape func-
tion is
f (rt ) ~ Ctxt}c (20)
f(rs ) ~=Cy, (21)
hence, the change of shape function is realized by controlling the Weyl tensor. So
the total curvature formula can be

R — RAlcubierre + C (22)

VPO VPO Huvpo

In front of the spacecraft (x > x_ ):

Ry = R +k (23)
Behind the spaceship (x < x, ):
cubierre k
R, =R e

When k > |RAlcubierre

Ixtx

, the spatial compression and stretching effects are obvi-

ous.

We now use numerical methods to calculate: the change of the shape function
f (’} ) at the head and tail of the spacecraft; and the positive and negative distri-
bution of the total curvature R, . The calculation results are shown in Figure
1. From the image, we can see that the shape function f (rs) (dashed blue line)

increases in x > x, with the spatial compression, decreases at the stern (x < x, ),

Effect of Weyl Tensor on Shape Function and Curvature

2.0 ——- Shape Function firs) S —
— Ruax (Compression) : Wies
. ’
—— Ruyy (Stretching) : L,
15fF Ship Center (xs) /,’
o L1O0f
]
3
s
5 03
=]
)
=
it
0.0r
-0.5
-1.0r

—lb.O —7I.5 —5I.0 —é.S 050 2:5 5.0 7.5 10‘.0
Spatial Position (x)

Figure 1. Shape function f (;1) (dashed blue line): It increases at the bow (x > x, ), de-
creases at the stern (x < x, ), indicating spatial stretching. The smoothness of the shape
function change is controlled by the transition parameter o. Total curvature R, (red
curve), it is positive at x > x_, indicating spatial compression, and is negative at the stern
(x<x,), indicating spatial stretching. R, (green curve) is negative at x> x,, indicat-
ing transverse stretching, and is positive at the stern (x < x, ), indicating transverse com-

pression.
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indicating spatial stretching. The smoothness of the shape function change is con-

trolled by the transition parameter o . Total curvature R

xtx

(red curve) is posi-
tive at x>x, , indicating spatial compression, and is negative at the stern
(x <x,), indicating spatial stretching. R,
indicating transverse stretching, and is positive at the stern (x < x, ), indicating

(green curve) is negative at x> x_,

transverse compression. This shows that it is feasible to use the electromagnetic
tensor F,, to control the shape function f(r,) through the Weyl tensor
c

uvpo ?
tial compression and stretching without additional modification of the metric. By

that is, the regulation of the Weyl tensor can directly affect the area of spa-

adjusting the parameters & (the intensity of the Weyl tensor influence) and o
(the transition width), the curvature distribution of the bow and stern can be pre-

cisely controlled.

5. Four-Dimensional Riemann Curvature and
Three-Dimensional Exterior Curvature

The above questions touch upon two perspectives of curvature description in gen-
eral relativity (four-dimensional Riemann curvature and three-dimensional exter-
nal curvature) and their consistency in the Alcubierre model. To analyze this sys-
tematically, we first examine the fundamental distinction between intrinsic and
extrinsic curvature. The intrinsic curvature, represented by the three-dimensional
Riemann curvature Rﬁ; , is determined by the geometry of the three-dimensional
spatial hypersurface itself and is independent of how it is embedded in higher-
dimensional spacetime. If Rﬁ,) =0, the hypersurface is flat, as is the case for the
spatial slices in the Alcubierre model. In contrast, the extrinsic curvature X i de-
scribes how the three-dimensional hypersurface is embedded in four-dimensional
spacetime, reflecting its deformation over time, such as compression or expan-

sion. Its definition is given by:
1
K, = Eﬁ”hi’ (25)

where hl./ is the induced metric on the hypersurface, and #» is the unit normal
vector field, £, isthe Lie derivative along the » direction.

In the original Alcubierre model, the three-dimensional hypersurface is intrin-
sically flat (R,.Eil) =0 ), meaning that the spatial geometry itself has no curvature.
However, spacetime curvature is driven by the extrinsic curvature, meaning that
the nonzero components of the four-dimensional Riemann curvature R, .
originate entirely from the extrinsic curvature K and its time derivatives. For

example, a key component of the Riemann tensor is:
R, =0,K, +K,K| (26)

where the effects of compression and expansion are realized through the time evo-
lution of 0,K;; .
Next, the relationship between the Weyl tensor and four-dimensional Riemann

curvature must be considered. The Weyl tensor C,, is the trace-free part of
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the Riemann curvature tensor, describing the free gravitational field that is not
directly influenced by local matter distributions. In vacuum, where R,, =0, the

Riemann curvature is entirely determined by the Weyl tensor:

Rypy =Cppo =0 (when R, =0) (27)

Hvpo Hvpo

However, in the Alcubierre model, it is often assumed that negative energy den-
sity is present (7, # 0 ), making the Ricci tensor R, nonzero, and thus the
Riemann curvature is generally considered to be a combination of the Weyl tensor
and the Ricci part. This assumption, however, is not entirely accurate. If no exter-
nal influences act upon the Alcubierre model in its initial state, no negative energy
is present, and the Ricci tensor should still be zero.

This leads to the question: is controlling the Weyl tensor equivalent to control-

ling the extrinsic curvature? The answer is yes. Mathematically, the four-dimen-

sional Riemann curvature R, can be expressed in terms of the extrinsic cur-
vature K and its derivatives using the ADM (1 + 3) decomposition:
3
Ry = R;‘k; + Ky K = K, K, (28)

Since Rf;} =0, the four-dimensional curvature is entirely determined by the
quadratic terms of K, K, — KK, . Thus, modifying the Weyl tensor C to

uvpo

alter the four-dimensional Riemann curvature R, . is equivalent to indirectly
regulating the dynamics of K because R, . contains full information about
K. .

i
In the Alcubierre model, the effects of compression and expansion are funda-

mentally determined by the spatial gradient of K|, suchas 0 K . The control
of the Weyl tensor modifies R, , which in turn affects these gradients. This
consistency in regulation shows that controlling the four-dimensional Riemann
curvature via the Weyl tensor and controlling spatial compression or expansion
via the extrinsic curvature K|, are two mathematically equivalent descriptions of
the same physical phenomenon. From a four-dimensional perspective, the Weyl
tensor is a constituent of the Riemann curvature; modifying it directly alters the
geometry of spacetime. From the three-dimensional embedding perspective, the
extrinsic curvature K represents the projection of the four-dimensional curva-
ture onto the hypersurface, meaning its variations are necessarily reflected in the
full Riemann curvature.

This equivalence holds not only mathematically but also in terms of physical
effects. Whether extrinsic curvature K is directly manipulated or the Weyl ten-
sor is adjusted to modify the Riemann curvature, the result is ultimately the same:
local spacetime deformations that enable superluminal travel. The ship’s bow ex-
periences contraction, while the stern undergoes expansion, allowing the warp
drive to function as intended. The two regulation methods are thus fundamentally

equivalent.

6. Warp Drive and Time Travel

The superluminal motion proposed by the Alcubierre warp drive does not neces-
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sarily lead to time travel, although it theoretically holds the potential to do so. The
connection between superluminal travel and time travel must be analyzed within
the context of spacetime topology and physical mechanisms. The Alcubierre met-
ric itself does not directly include closed timelike curves (CTCs); however, if a
spacecraft undergoes multiple superluminal journeys forming a closed path (for
example, traveling between two relative warp bubbles), this could potentially cre-
ate a spacetime topology that allows time travel. This is because, within the frame-
work of general relativity, certain superluminal models (such as rotating uni-
verses, wormholes, and combinations of warp bubbles) indeed permit the exist-
ence of CTCs, but they require specific conditions (such as a stable wormhole sus-
tained by negative energy).

Nonetheless, superluminal motion alone is insufficient to induce time travel; it
must be accompanied by nontrivial spacetime topologies (such as wormholes or
periodic spacetime structures). When a superluminal path is closed, the tilting of
the light cones of events may lead to a breakdown of the causal connection be-
tween the past and the future, forming a path that could allow travel to the past.
Moreover, Stephen Hawking proposed the Chronology Protection Conjecture,
which suggests that quantum effects (such as vacuum polarization) might cause
divergent energy densities when CTCs are formed, thereby disrupting the stability
of spacetime and preventing time travel.

In short, while the superluminal motion enabled by the Alcubierre warp drive
does not inherently lead to time travel, there are conditional associations to con-
sider: 1) Theoretical possibility: Superluminal motion combined with specific
spacetime topologies (such as closed paths or wormholes) could permit CTCs,
potentially opening a channel for time travel; 2) Physical limitations: The chro-
nology protection mechanism, the infeasibility of violating energy conditions, and
quantum gravitational effects may practically prevent time travel; 3) Philosophical
and logical constraints: Even if time travel were possible, the self-consistency prin-
ciple or many-worlds interpretations could resolve any paradoxes. Therefore, the
superluminal characteristics of the Alcubierre engine offer a mathematical and
physical framework for time travel, but its actual realization would require over-
coming multiple theoretical and experimental barriers, and is far from a “guaran-
teed” outcome.

However, it is theoretically possible to create a time travel machine using the
superluminal characteristics of the Alcubierre drive. In this context, we consider
how to transform an already constructed superluminal spacecraft into a time
travel machine by generating closed timelike curves (CTCs) that enable time
travel. Achieving this requires precise spacetime manipulation and curvature de-
sign, making it a highly complex task that involves careful curvature shaping and
adjustments to the spacetime bubble. Based on the principles of the Alcubierre
drive, we can manipulate the stretching and compression of spacetime around the
spacecraft to construct a structure capable of forming CTCs. Below are the key

design steps for such a proposal:
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a. Dynamic Curvature Bubble Speed Function
Define the velocity function v, (t) of the curvature bubble as a time-depend-
ent function, ensuring that symmetrical spacetime distortions occur during both

forward and reverse motion. For example:

{vo when t € (O,T] (29)

-v, whente (T,ZT]

This piecewise velocity function ensures that the spacecraft moves forward
within time 7', followed by a return trip in the opposite direction.

b. Spacetime Metric Adjustment

In the Alcubierre metric, control the time-dependent compression factor
f(r.(¢)) so that the dynamic process of spatial compression and expansion in-

fluences the time coordinate. For example:

ds? =—dr? +(dv—v, (¢) £ (r,)dt) +dv* +dz?

where 7, ()= \/(x—xo (t))2 +y>+z° ,and x,(¢) is the spacecraft’s position as
it changes over time.
c. Closed Path Condition Calculation
Ensure that the spacecraft’s spacetime trajectory satisfies the closure conditions:
i) Spatial Closure: The total displacement integral must equal zero, ie.,
IjT v, (¢)dt = 0. ii) Temporal Closure: Through the time dilation effects of the cur-
vature bubble, the total change in coordinate time must be zero, e, Af,,, =0.
d. Specific Example: Symmetric Round Trip Jump
Assume the spacecraft moves at velocity +v, for time 7, then returns at ve-
locity —v, for the same time 7. According to the Alcubierre drive model:
e Forward Phase (¢ (O,T ]): Spatial displacement: Ax, =v,T . Proper time
elapsed on the spacecraft: 7, =T H (assuming subluminal adjustments).
e Reverse Phase (te(T ,2T]): Spatial displacement: Ax, =-v,T . Total dis-
placement: Ax, +Ax, =0, returning to the original position. Total coordinate
time: 27, but time dilation from the curvature bubble ensures that
Atglobal

electromagnetic tensor and applying a similarity gauge transformation to ad-

=0. Specifically, the temporal closure is achieved by introducing an

just the metric, causing the local time flow to reverse during the return phase:
Atglobal:T(Vl_vg_\ll_vg)zo (30)

Through symmetric velocity and energy configurations, the spacecraft’s coor-
dinate time returns to its initial value at 7 =0 upon return.
e. Calculation Results Verification
e Worldline Closure: The spacecraft’s trajectory forms a closed loop in the
spacetime diagram, satisfying x(ZT) = x(()) and t(ZT) = t(()).
¢ Energy Conditions: Under the conditions where the electromagnetic tensor
adjusts curvature through generalized gauge transformations, no negative en-

ergy is required.
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7. Energy Requirements for an Alcubierre Warp Drive

Based on the previous analysis, by employing a generalized gauge transformation,
it is possible to directly couple the electromagnetic field tensor F, to the Weyl
curvature tensor C,, .. This could potentially enable the realization of an Al-
cubierre warp bubble without relying on negative energy densities. The key to this
approach lies in utilizing electromagnetic fields to modulate the Weyl curvature,
thereby generating positive curvature in the front to compress spacetime and neg-
ative curvature in the rear to stretch it, facilitating superluminal propulsion. Be-
low, we estimate the energy requirements for such a configuration.
1) Key Parameter Definitions
e Target Velocity: Assume the warp bubble travels at v =2¢ (twice the speed
of light).
e Warp Bubble Dimensions: Let the spacecraft have a radius of R ~10 meters,

with the bubble wall thickness & ~1 meter.

e Spacetime Curvature Strength: A dimensional analysis yields the characteristic

2
v

4

scale of the Weyl tensor: C ~——=—_.Here, R represents the character-
c’R” R

istic size of the warp bubble, derived from the typical form of the curvature

tensor. The origin of this equation lies in the curvature tensor being dominated

by second derivatives of the shape function gradient, characterized by typical
1
scale relations: 0, f ~ %, oo f ~ 2 Under natural units (¢ =1), the veloc-

ity-dependent term scales as: v, /c0, [ ~ v/(cR) —V/R, where v= |5‘s (t)| is

the spacecraft’s instantaneous velocity. The Weyl tensor C derived from

uvpo
the contraction of the Riemann tensor, retains the dominant second-derivative
Hvpo

2
term: C ocZ—zﬁf f +0($J. Substituting ¢=1 and optimizing pa-

rameters (e.g., a =1), the magnitude of the Weyl tensor becomes:

2 |g? d’f 44 4?
| |~%((11{ , where max {: Z ~4 . This yields: C~2LR2.For
rY max VS © ¢

o g sgs . . 2/ .2
characteristic velocities v ~ ¢, the dimensionless factor v / ¢ reduces to

4
unity, resulting in: C ~ = This scaling aligns with the dimensional hierar-

chy of curvature contributions in relativistic spacetime.

2) Conversion Mechanism between Electromagnetic Fields and the Weyl
Tensor

To establish a more physical relationship between the electromagnetic tensor
and the Weyl tensor, we assume the electromagnetic energy density py,, is con-
verted into an effective energy density associated with the Weyl tensor through a
mechanism such as the generalized gauge transformation: p,, ~77C , where 7 is
a conversion coefficient that we must determine both dimensionally and physically.

a) Dimensional Analysis of »

Given dimensional analysis:
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o [puy]=/m' =kg-m"-s7;

e [C]=m>.

_ [Pem | _ kg-m™.s7
[€] m’?

sponds to the unit of force (N, Newtons), suggesting » is related to the force

Thus, the unit of 5 must satisfy: [7] , which corre-

generated by the electromagnetic field.

In classical electromagnetism, the energy density of an electromagnetic field is
. 1 B’ . e
given by: p.,, = E(go E? +—j, where ¢, is the vacuum permittivity and g,
Ho

is the vacuum permeability, satisfying: &), = . Since the energy density con-

2
c

tribution to spacetime curvature is primarily governed by the magnetic field ten-
sor (as observed in magnetars and other astrophysical contexts), it is reasonable

_— . . - 1
to assume that the contribution to curvature is proportional to ,uO1 T ~—.

Hy
-7 1
Substituting 1, = 4mx , we get 17 ~—~8x10’. Thus, we obtain:
0
Pevt ~ (8x10°)C (31)
3) Energy Requirement Estimation
a) Computing the Total Energy Density
Using the previous expression: py,, ~7C = € % , by substituting
0
R=10m, we get:
Loyt ~ ~x8x10° =3.2x10° J/m’ (32)

(10m)

b) Computing the Total Energy
The volume of the warp bubble is ¥ ~ R* =(10 m)3 =10’ m’. Thus, the total

energy requirement is

E = ppy -V =(32x10")x(10’) =3.2x10°J (33)
¢) Mass-Energy Equivalence
6
Using Einstein’s relation: M = Ez = &102, we get M ~3.6x10'' kg . This
< (3x10%)

corresponds to approximately 36 nanograms of equivalent mass.
4) Realistic Adjustments: Considering Conversion Efficiency
Assuming an efficiency of 65% in converting electromagnetic energy into Weyl

curvature effects, the actual energy requirement becomes

=— ~49x10°J 34
e 0.65 (34)

which corresponds to an equivalent mass as M, ~5.5x10™" kg ..

In short, the above analysis demonstrates that, within the proposed theoretical
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framework, maintaining a warp bubble with a diameter of 20 meters would re-
quire only about 5 MJ (megajoules) of energy—comparable to the energy stored
in the battery of a Tesla Model S. This is orders of magnitude lower than the clas-
sical Alcubierre drive requirements, which are on the order of 10 J. This suggests
that an electromagnetic field-induced Weyl curvature mechanism may offer a

more feasible route to realizing warp drive physics.

8. Conclusion & Future Prospects

1) Theoretical Breakthrough

This paper proposes a novel mechanism based on generalized gauge transfor-
mations, and establishes the new formula (16), C,, ., = K(FWFW -F,F, ) , en-
abling the direct conversion of the electromagnetic tensor to the Weyl tensor. This
approach provides a feasible new pathway for the Alcubierre warp drive, wherein
precise manipulation of electromagnetic fields induces spacetime compression
(positive curvature) at the front and spacetime expansion (negative curvature) at
the rear of the spacecraft. By doing so, it circumvents the stringent requirement
for negative energy and exotic matter imposed by Einstein’s field equations, offer-
ing a compelling theoretical foundation for the realization of warp-drive propul-
sion.

2) Revolutionizing Energy Requirements

Within this new physical framework, we conducted a quantitative estimation
of the energy required to sustain a 20-meter-diameter Alcubierre warp bubble.

Our findings are highly encouraging:

isz4.9x106J

real

This value is astronomically lower than the original energy requirement of 10%
] for conventional Alcubierre drive concepts. Such a dramatic reduction in energy
demands suggests that faster-than-light travel may be within the reach of future
technological advancements.

3) Addressing Time Paradoxes & Feasibility Analysis

We further explored the potential for an Alcubierre warp drive to either avoid
or transition into a time machine, investigating the necessary conditions to pre-
vent causality violations. This analysis provides critical insights into the safety and
controllability of future warp-driven spacecraft.

4) Future Prospects

Building upon the generalized gauge transformations in principal fiber bundles
and the unification of the four fundamental interactions, the proposed electro-
magnetic tensor to Weyl tensor modulation offers a promising avenue for the
practical realization of warp-drive spacecraft. By eliminating the dependence on
negative energy exotic matter and significantly reducing energy constraints, this
approach transforms superluminal travel from a mere theoretical conjecture into
a potentially achievable engineering reality. In the not-so-distant future, this

breakthrough may propel humanity beyond the bounds of our solar system, her-
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alding the dawn of the interstellar age.
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Apendix A. Derive Maxwell’s Equations from
C,po=x(F,F,,—F,F,)

uvpo up” vo uo " vp

1) Prerequisite and Definition
Assuming that in four-dimensional spacetime, the Weyl tensor C,, . and the
electromagnetic field tensor F),, satisfy the following relationship:

C ZK(F F_—-F F ) (1)

uvpo upt vo ot vp

where x is a constant, F,, is an antisymmetric tensor ( F,, =-F,, ), and
spacetime satisfies the vacuum Einstein equation (R, =0).

2) Deriving Homogeneous Maxwell’s Equations Using Bianchi Identity

Step 1: Bianchi identity of Weyl tensor

Under vacuum conditions (R, =0), the Weyl tensor satisfies the simplified
Bianchi identity:

=0 (2)

po T

V[QCM

where V_ is the covariant derivative, and [aﬂy] represents the complete an-
tisymmetry of the three indicators.
Step 2: Substitute the new formula

Substitute the equationof C, = K‘(F E_-F_F ) into the Bianchi iden-

avps wtve = Loty
tity:
Vi (K(E3pFpe = FruFy, )) =0 (3)
Extract the x constant:
W, (FyFyy = FyFy, ) =0 (4)

Step 3: Expand covariant derivatives
Expand the covariant derivative in the above equation using Leibniz’s law:

VieFpoFe = Vi Fyy Fyo + Fyy Vi Fy, (5)
Similarly:
ViuF s, =V Fpy Fy, + Fpy -V, Fy (6)
After substituting into equation (4), the equation becomes:
VieFso Fpo ¥ ViaFyo =ViaFpa Fyp =Fpa - Viulyn, =0 )
Step 4: Symmetry Analysis and Derivation of Homogeneous Equations
Due to the antisymmetry of £, , its covariant derivative must satisfy:
Vi Fy, =0 (8)

The homogeneous Maxwell equation dF =0.

If this condition is not met, the cross terms in the equation (such as V[aF o Fy]a )
cannot be completely cancelled out, leading to contradictions. Therefore, the only
self consistent solution is:

V[QFM] =0
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3) Derive non-homogeneous Maxwell’s equations through energy momen-
tum conservation

Step 1: Define the energy momentum tensor

The energy momentum tensor of an electromagnetic field is:

1
_ a ap
T, _FyaE/ _Zg,quaﬂF (9)

v

Step 2: Calculate covariant divergence
Directly calculate V#T,:

a l a
v“T,, =V*(F,F, )—ZVV(FaﬂF 7 (10)
After unfolding, we obtain:
a a 1 af
V“TWZV”FW-FV +F#a-V“FV _EF ~VVFa/3 (11)

Step 3: Simplify using homogeneous equations
Now the homogeneous Maxwell’s equations can be used to simplify Equation

(11) above. First, we can rewrite V[HF ] = 0 as

V,F, +V,F, +V F,=0 (12)

Through this equation, it can be proven that:

1
F, V'F* :EF"‘ﬁV F (13)

Y773 viap

After substituting the divergence expression (11), we obtain:

VAT, =(V“F,, ) FS (14)

uv

Step 4: Introduce current source J”
According to the non-homogeneous Maxwell equation V*F,  =J,,

substituting it into (14), we get
VAT, =J,F = F,J"

uv
Its covariant divergence needs to satisfy the conservation law:

VAT, = F,J" (10)
where J” is the current density. At this point, the non-homogeneous Maxwell
equation V“F, =J, holds.

Step 5: Compatibility with Einstein’s equations

Einstein’s equation, G, =T,

uv?

requires a total energy momentum balance:
1 o (total 7 EM Matter
Vel = v (T - i) ) = 0 (11)
If there is a charged material field (J“ # 0 ), the energy momentum conserva-
tion equation is:
V;IT/‘E‘f;natter) — _E/a-]a (12)

The conservation of the overall system is achieved through the exchange of en-

ergy between electromagnetic fields and matter.
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4) Verification of Conformal Invariance
The Weyl tensor C,,,
mation g, — Q’(x)g,, (witha conformal weight of 0), while the electromag-

, remains unchanged under the conformal transfor-
netic field tensor £, maintains its form unchanged under the conformal trans-
formation ( F,, — F,, ). Therefore, the new formula maintains its form un-

changed under conformal transformation, ensuring the covariance of Maxwell’s

equations.
5) Final Conclusions
Under the given conditionof C,, = K‘(F# oFo —F.F, ) :

¢ The homogeneous Maxwell’s equations (V[aF 5] =0 ) are uniquely derived
from the Bianchi identity.

¢ The non-homogeneous Maxwell’s equations (V¥F,, =J, ) are guaranteed by
the conservation of energy momentum and compatibility with Einstein’s equa-
tions.

o Self consistency: Conformal invariance ensures that equations remain con-
sistent under geometric transformations.

Therefore, the electromagnetic field tensor £, does indeed satisfy the com-
plete Maxwell’s equations. Therefore, the new formula is not only a mathemati-
cally consistent relationship, but also implies that the electromagnetic field must
obey the complete Maxwell theory. This conclusion holds true within the frame-
work of the intersection of general relativity and classical electrodynamics, provid-
ing new possibilities for exploring the unified theory of gravity and electromag-

netism.
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