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Abstract

In this study, it is shown that inserting geometric drift vectors within definition on tetrads have direct 
effects on torsion tensor. This contribution reveals an original point of view on gravitation while still 
being compatible with standard approaches and recent cosmological observations. The formulation 
preserves general covariance and reduces to the Einstein field equations in the appropriate limit where 
the drift contribution vanishes. The geometric drift vector scenario preserves the dynamical structure 
and the number of degrees of freedom of General Relativity. The model yields an effective geometric 
contribution whose behavior overlaps with phenomena commonly attributed to dark matter and 
late-time cosmic acceleration, offering a geometric interpretation of large-scale gravitational effects 
within a covariant teleparallel framework.
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1. Introduction
An examination of the 1915–1916 formulation of General Relativity reveals that A. Einstein

adopted the equivalence principle as a fundamental structural principle and was significantly influ-
enced by the ideas of Ernst Mach. Within this framework, inertia was rendered a locally geometric
property, and a local indistinguishability between accelerated frames and gravitational effects was
established. Nevertheless, as the theory matured, the emergence of vacuum solutions and matter-free
yet geometrically nontrivial spacetime structures demonstrated that General Relativity does not fully
realize the Machian expectation that inertia be entirely determined by the global matter content of the
universe.

Modern approaches to gravitation treat spacetime as a dynamical field that interacts with matter
while remaining ontologically independent. In this perspective, gravity is identified as a manifestation
of geometric structure, and the mere existence of spacetime is regarded as sufficient for a physical
description. In contrast, the present work emphasizes that it is not only the existence of spacetime, but
rather its inertial (kinematic) state, that plays a physically decisive role.

While the equivalence principle asserts the local indistinguishability of gravitational effects and
accelerated reference frames, Mach’s principle posits that the inertial state of a body is determined by
the total distribution of matter in the universe. Within the framework considered here, the determina-
tion of gravitation is not attributed solely to the matter content, but is shown to be intrinsically related
to the inertial structure of the spacetime manifold itself.

In both General Relativity and its teleparallel equivalent formulation, gravitation is inherently
described as a geometric phenomenon. The approach adopted in this study goes beyond accounting
for the inertial properties of matter alone and demonstrates that gravitation may be interpreted as
an effect arising from the inertial structure of spacetime. Although this difference may appear as a
subtle modification at first glance, it leads to significant consequences for the conceptual framework
underlying the geometric nature of gravitation.
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An inertial observer experiences no force within their own reference frame, whereas an accelerated
observer encounters effective force terms. The origin of these forces lies in the mismatch between the
observer’s motion and the inertial structure of the spacetime geometry in which they are embedded.
Cosmological observations, particularly those associated with the expansion of the universe, further
indicate that inertial reference frames cannot be globally defined on a kinematically non-inertial
background.

Within this context, inertial mismatch between an observer frame and the spacetime manifold
may arise through two distinct mechanisms. In the first case, the mismatch results from the observer’s
genuine accelerated motion relative to the manifold. In the second case, the observer is defined to
possess fixed spatial coordinates in the chosen coordinate system; however, this condition cannot be
reduced to a mere coordinate choice, since the observer’s worldline does not coincide with the natural
congruence that defines the inertial structure of spacetime. Consequently, the effective force terms
observed in this case are not coordinate artifacts, but are of genuine geometric origin. Although inertial
mismatch is present in both scenarios, in the latter case the resulting effects appear to the observer as if
they were intrinsic properties, corresponding precisely to the geometric origin of gravitation.

Before moving on to the next section, it would be necessary to briefly discuss the current state of
modern gravity research. According to Riemannian approach existence of matter causes non-vanishing
Riemann tensor components that may be transferred to Ricci Tensor and Scalar. On the other hand, an
opposing view was again considered by Einstein such that Riemann tensor and therefore curvature of
spacetime could still be kept zero without violating field equations. This latter theory is usually called
as Teleparallel Gravity (TG) or Teleparallel Equivalent of General Relativity (TEGR) [1]. Even though
GR and TEGR were (and still are) strong theories that are able to explain most of the cosmological
phenomena, still remain some unsolved problems in physics awaiting explanation [2–4]. This has led
scientists to search for alternative theories of gravity. Some of the studies questionize the source of the
field equations while the others focus on geometrical point of view. The latter is divided into two parts:
they either modify the classical curvature-centered approach, f (R) theories [5–7], or propose studies
based on modified torsion, namely f (T) theories [8–10]. Felice et al. and Cai et al. give extensive
reviews on these theories [7,8]. Carroll et al. address cosmic speed-up through modifications to the
gravitational action of general relativity [5], similar to the approach of Bengochea and Ferraro [10],
although the former involves f (R) gravity, while the latter is based on f (T). Krššák and Saridakis
show that the same field equations could be obtained by the right spin connection choice for any
observer. This study plays a fundamental role on good / bad tetrad discussion on teleparallel gravity
[9]. The similarities and differences of the geometric background and dynamics underlying the current
approach with the aforementioned studies will be presented in the following sections. The next section
will then continue with interpretational remarks.

2. Interpretational Remarks
• This work is formulated within the framework of teleparallel geometry, where the spacetime

connection satisfies
Ra

b(ω) = 0, (1)

implying a Weitzenböck spacetime connection.
• In teleparallel geometries, torsion is not restricted to rotational contributions alone; rather, it

encodes more general kinematic components, including shear, shift, expansion, and distortion. In
the present work, this distinction plays a fundamental role in achieving a correct understanding
of the geometric origin of gravitation.

• The torsion considered in this study is a physical geometric quantity and cannot be eliminated
by coordinate transformations. Nevertheless, when described from accelerated (non-inertial)
reference frames relative to inertial ones, coordinate-induced spurious torsional components may
appear; however, such inertial contributions can be removed by an appropriate choice of the

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2026 doi:10.20944/preprints202512.1361.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1361.v2
http://creativecommons.org/licenses/by/4.0/


3 of 66

spin connection ωa
b. This necessitates a careful distinction between genuine physical torsion and

frame-dependent apparent contributions [9].

• Within the tetrad formalism, an observer may in principle adopt infinitely many inequivalent
tetrad choices. In the present work, this freedom is restricted by imposing the following condi-
tions:

1. Each observer employs a tetrad adapted to their own dynamical state, such that the tetrad choice
reflects whether the observer is inertial or accelerated.

ea → Λa
b eb, ω → ΛωΛ−1 + ΛdΛ−1, (2)

2. Physical torsion is defined as the torsion purified of inertial contributions by an appropriate
choice of the spin connection. For inertial observers, this choice of tetrad remains compatible
with the Weitzenböck connection, and the Fermi–Walker transport condition can be satisfied
globally within the Weitzenböck gauge. In contrast, for accelerated observers this compatibility is
generically broken: the Fermi–Walker condition cannot be maintained simultaneously with the
Weitzenböck gauge. As a consequence, the spin connection becomes explicitly non-vanishing
and contributes to the torsion tensor,

Ta = dea + ωa
b ∧ eb, (3)

leading to observer-dependent torsional effects in addition to pseudo-torsional contributions of
inertial origin.

3. All physical quantities are defined operationally by projection onto the observer’s tetrad,

A(a) = e(a)
µ Aµ. (4)

while fundamental geometric scalars remain observer-independent.

3. Geometric Framework
Teleparallel gravity was introduced to describe gravitation not as spacetime curvature, but as

torsion allowing gravitational effects to be cleanly separated from inertial contributions and treated
as a genuine force. In this concept, tetrads are the main mathematical objects and in the following
subsection, the tetrad formalism that will be utilized throughout the study is presented.

3.1. Tetrad Formalism

The tetrad (or vierbein) formalism expresses the spacetime metric in terms of a local Lorentz
frame. A tetrad field ea

µ relates the coordinate metric gµν to the Minkowski metric ηab via

gµν = ea
µ eb

ν ηab. (5)

Here,

• Greek indices (µ, ν, . . . ) refer to coordinate frame,
• Latin indices (a, b, . . . ) refer to local Lorentz-frame.

Crucially, the tetrad formalism separates the metric structure (encoded in the tetrad itself) from
the affine or spin connection, which can be chosen independently. This freedom allows the same tetrad
to support different geometrical interpretations depending on the chosen connection.

In flat spacetime, the tetrad one-forms that correspond to each column of ea
µ may be chosen as

e0 = c dt, ei = dxi. (6)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2026 doi:10.20944/preprints202512.1361.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1361.v2
http://creativecommons.org/licenses/by/4.0/


4 of 66

The first column e0 denotes the time-like direction, or in other words time part of the tetrad.
The rest represent the local spatial directions in the local Lorentz frame. For example, in FLRW-type
spacetimes, cosmological expansion is instead encoded in the spatial tetrad components through a
time-dependent scale factor,

e0 = c dt, ei = a(t) dxi. (7)

A dual basis exists for every tetrad such that

ea
µ = ηab gνµeb

ν

eb
ν ea

ν = δb
a .

(8)

Unlike its dual, ea
µ enables the transformation from local to general components. It indicates the

observer’s velocity and orientation.
Within the revised Machian framework adopted in this work, it is argued that the route toward

the equivalence principle is not, in general, fully compatible with the inertial structure of the spacetime
manifold. If spacetime admits a preferred kinematical structure and an associated natural inertial
congruence, then the physical interpretation of observers with fixed spatial coordinates,

xi = const, (9)

must be carefully reexamined. In particular, it becomes necessary to question whether such observers
remain at the same physical spatial location as time evolves, or whether their worldlines generically
deviate from the manifold’s natural inertial drift.

3.2. Geometric and Ontological Interpretation of the Drift Vector

Within the framework considered in this work, spacetime defines a preferred observer congruence
uµ determined by the tetrad structure and the associated drift field. In the present framework, the
condition

uµ = e0
µ (10)

means that the observer moves along the natural geometric drift congruence defined by the tetrad.
In this case, no kinematical mismatch arises and the effective gravitational force vanishes. This
congruence represents the natural inertial motion that is compatible with the kinematical structure of
the manifold.

An observer defined by Eq. (9) generally does not follow this congruence. Instead, the corre-
sponding worldline deviates from the natural drift of spacetime. This deviation is fully encoded by
the drift vector Wi, which precisely measures the mismatch between the observer’s worldline and the
inertial congruence of the manifold.

In this perspective, the physical content of both gravitational and inertial effects is not interpreted
as a direct force exerted by spacetime on matter. Rather, these effects emerge from the kinematical
mismatch between the observer’s state of motion and the intrinsic inertial structure of spacetime.
Within this viewpoint, observers whose motion is not aligned with the natural geometric congruence
experience the effective consequences of this kinematical mismatch as inertial or gravitational effects.

The geometric content of gravitation thus arises as a kinematical phenomenon associated with
the relative separation between the dynamical evolution of spacetime and the motion of observers
embedded within it.

In this geometric framework, the drift vector Wi naturally emerges as the quantity that charac-
terizes the observer-dependent decomposition of spacetime’s kinematical structure. Since the tetrad
formalism provides a transparent and observer-adapted description of this decomposition, it offers
a natural and well-suited language for the analysis of gravitational structures within teleparallel
geometry.
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3.2.1. Tetrad Structure and Good Tetrad Conditions

In general, the tetrad field is written in its most general form as

e0 = e0
0(t, x) dt + e0

i(t, x) dxi, (11)

ei = ei
0(t, x) dt + ei

j(t, x) dxj. (12)

Here, the tetrad is not chosen in an ad hoc manner, but is restricted to a well-defined subclass of
the general 3 + 1 decomposition,

e0 = N dt, (13)

ei = Ei
j (dxj + N jdt). (14)

Each observer is required to employ a tetrad adapted to their own dynamical state; accordingly,
the tetrad choice is made so as to reflect whether the observer is inertial or accelerated. Under this
requirement, the lapse function is fixed to a constant value, N = c, and the temporal tetrad component
reduces to

e0 = c dt. (15)

When a geometric drfit field is defined for the universe on large scales, the form of the tetrad is strongly
constrained by cosmological symmetries. Isotropy forbids any preferred spatial direction in the spatial
tetrad components, while homogeneity excludes any explicit dependence on spatial position.

Examining the spatial tetrad structure

ei = Ei
j (dxj + N jdt), (16)

one finds that the internal spatial geometry encoded in Ei
j must, by isotropy, be proportional to the

Kronecker delta,
Ei

j ∝ δi
j. (17)

Homogeneity further requires that the proportionality factor depend on time only. Consistency
with FLRW symmetry therefore uniquely fixes

Ei
j = a(t) δi

j. (18)

In the presence of cosmic expansion, the physical spatial location associated with matter is not
preserved relative to fixed coordinate labels. Instead, the manifold itself induces a kinematical transport
of matter through the expanding geometry. The relative shift between the temporal direction and the
spatial tetrad is encoded in the vector N j.

This component acts as the natural carrier of the cosmological drift within the tetrad structure
and is therefore identified with the drift field. Accordingly, written as

N j =
Wi

a(t)
. (19)

A vector field of the form Wi = const is not admissible, since it would select a preferred spatial
direction and thereby violate isotropy. Such a structure is not invariant under SO(3) and consequently
violates cosmological isotropy. For this reason, constant nonzero drift vectors are excluded. Moreover,
allowing the coefficients of Wi to depend arbitrarily on spatial position would generically jeopardize
homogeneity. For this reason, the most general homogeneous configuration requires Wi to be at most
linear in the spatial coordinates, (see Appendix I)

Wi
global = b(t) xi. (20)
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This form is covariant under spatial rotations and does not define any preferred direction. Although
the global drift field appears at first sight to single out a preferred origin, this dependence is purely
coordinate-based and has no physical significance. This structure is the tetrad-level analogue of the
Hubble flow vi = H xi in standard FLRW cosmology where H is the Hubble constant.

The physical observables depend only on the derivatives of Wi, and the resulting torsion tensor is
spatially homogeneous and translation invariant. Consequently, the drift field does not introduce a
preferred center and is fully consistent with cosmological homogeneity and the Copernican principle.

3.2.2. Lorentz Signature and Causality

At this point, it is essential to emphasize that the drift field Wi is constrained not only by symmetry
requirements, but also by the preservation of Lorentz signature and causality.

An additional condition therefore comes into play. In close analogy with Einstein–Æther–type
constructions, the requirement of causal consistency demands that the metric induced by the tetrad
retain a Lorentzian signature. Writing the metric in ADM form,

ds2 = −N2dt2 + γij
(
dxi + Nidt

)(
dxj + N jdt

)
, (21)

that can be rewritten explicitly as below for the specific choice of lapse N = c, shift Ni = a Wi and
spatial metric γij = a2δij:

ds2 = −(c2 − W2)dt2 + 2a Wi dxidt + a2δijdxidxj, W2 := δijWiW j, (22)

one immediately finds that preservation of the Lorentzian signature (−1, 1, 1, 1) requires

c2 − W2 > 0, (23)

or equivalently c2 > W2. Under this condition, causality is preserved and the model remains free of
superluminal pathologies.

Taken together, these considerations imply that the most general form of the tetrad compatible
with cosmological symmetries, Lorentz signature, and causality is

e0 = c dt, ei = a(t) dxi + Wi(t, x) dt. (24)

Thus, the spatial tetrad components may contain only a time–dependent scale factor and a single flow
drift term encoding temporal–spatial mixing. The tetrad choice is therefore not arbitrary, but arises as
the natural consequence of imposing cosmological symmetries on the most general observer-adapted
tetrad.

In this framework, the drift field Wi is a physical quantity. The conditions under which it
represents a genuine geometric structure, rather than a coordinate or inertial artifact, will be examined
in detail in the following discussion.

3.3. On the Physical Nature of Wi

At this stage, the central question is the following: is Wi a spurious effect arising from a particular
choice of observer, or is it a physical geometric quantity originating from the kinematical structure of
the manifold, which cannot be eliminated by a change of observer?

In order to address this question, let us consider the structure of the manifold in its simplest form:

1. The manifold is isotropic, admitting no preferred spatial direction.
2. The manifold is homogeneous, admitting no dependence on a distinguished spatial point.

Furthermore, under a change of observer, the vector Wi must remain invariant. Consequently, Wi

cannot originate from observer acceleration and must not be interpreted as an acceleration-induced
quantity.
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Under these assumptions, the only consistent way to understand the origin of the geometric
drift vector is to analyze it within the kinematical decomposition of an observer congruence defined
independently of the dynamical field equations.

3.3.1. Physical Structure of the Wi Field

In teleparallel geometry, since the physical field strength is given by torsion, a transformation can
be regarded as a gauge transformation only if it leaves the torsion unchanged. Any transformation
that modifies torsion changes the physical content and therefore is not a gauge transformation.

Under the drift-adapted tetrad employed in this work as given in Eq. (24) we may consider the
shift

Wi −→ Wi + ∂tΛi. (25)

In the Weitzenböck gauge (ωa
b = 0), it is straightforward to verify (see Appendix II.A) that torsion

changes,
δTi ̸= 0. (26)

More importantly, this result is not restricted to the Weitzenböck gauge. In the fully covariant
teleparallel formulation, which we will analyze for accelerated observers, the above shift does not
correspond to a local Lorentz transformation. Therefore, it cannot be compensated by a pure-gauge
change in the spin connection, and in general (see Appendix II.B),

δTa ̸= 0. (27)

Consequently, the field Wi modifies the torsional field strength and is not a gauge degree of
freedom in teleparallel geometry. It should therefore be interpreted as a physical geometric drift field
associated with the inertial structure of spacetime.

Another concern would be on the non–removability of Wi by diffeomorphisms. The physically
relevant quantity in the geometric drift velocity (GDV) framework is the scalar projection

S ≡ Tµuµ. (28)

This object is a true spacetime scalar under diffeomorphisms. Therefore, under any coordinate
transformation,

S ′(x′) = S(x). (29)

Suppose that a diffeomorphism existed that removes the drift field, Wi → 0. The torsion tensor
would then change structurally, and the computed value of Tµuµ would differ from its original value.
This would contradict diffeomorphism invariance.

Hence, no diffeomorphism can eliminate Wi while preserving the scalar Tµuµ. The drift field is
therefore not a coordinate artifact but a physically meaningful geometric structure. The drift vector
is a physical component of the observer-adapted tetrad. It contributes directly to the torsion tensor
and therefore cannot be removed by local Lorentz gauge transformations or inertial spin-connection
redefinitions.

3.3.2. Metric and kinematical decomposition

Let uµ denote a timelike observer congruence satisfying the normalization condition (Please see
Appendix III.A to III.C)

uµuµ = −1, (30)

The spatial projection tensor is defined by

hµν := gµν + uµuν. (31)
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The covariant derivative of the congruence can then be decomposed kinematically as [8,11]

∇νuµ = −aµuν +
1
3

θ hµν + σµν + ω̃µν, (32)

where aµ := uν∇νuµ is the four–acceleration of the congruence, θ := ∇µuµ is the expansion scalar,

σµν := hµ
αhν

β∇(αuβ) −
1
3

θhµν (33)

is the shear tensor, and
ω̃µν := hµ

αhν
β∇[αuβ] (34)

is the vorticity tensor. In this case, each tensor will be examined in detail.

Acceleration contribution in the kinematical decomposition

The acceleration of an observer congruence is defined by

aµ := uν∇νuµ. (35)

For the tetrad employed in this work, the covariant components of the natural congruence are found
to be (see Appendix III.B)

uµ = (−c, 0, 0, 0). (36)

In this decomposition, the lapse function takes the constant value N = c. By definition, aµ = 1
N DµN,

one therefore has
Dµ(ln N) = Dµ(ln c) = 0, (37)

which directly implies
aµ = 0 =⇒ aµ = 0. (38)

This result demonstrates that, for the natural congruence defined by the chosen tetrad, there is no
contribution from acceleration in the kinematical decomposition.

Vorticity contribution to the kinematical decomposition

Vorticity characterizes the rotational properties of the observer congruence. In the teleparallel
formalism, the simplest and most natural choice is

uµ := e0
µ. (39)

Furthermore, since
uµ = (−c, 0, 0, 0), (40)

the observer congruence is hypersurface–orthogonal and irrotational. Consequently, the vorticity
tensor ω̃µν vanishes identically, (Please see Appendix III.D)

ω̃µν = 0. (41)

Shear contribution to the kinematical decomposition
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The shear tensor takes the form

σij =
a
c

[
1
3
(∂kWk) δij −

1
2
(
∂iWj + ∂jWi

)]
. (42)

Since the choice Wi = b(t) xi is the only one compatible with spatial homogeneity, it follows immedi-
ately that (Please see Appendix III.E)

σij = 0. (43)

Moreover, because the observer congruence undergoes isotropic expansion, the full shear tensor σµν

vanishes identically.

Expansion contribution to the kinematical decomposition

The expansion of the observer congruence is defined as

θ := ∇µuµ. (44)

For the tetrad considered in this work, this quantity is obtained explicitly as

θ =
1

a c

(
3ȧ − ∂iWi

)
. (45)

In particular, for the case Wi = 0, one finds (Please see Appendix III.F)

θ =
3ȧ
a c

, (46)

which coincides with the standard cosmological expansion of comoving observers in FLRW spacetime.
Taking all contributions into account, the only nonvanishing term in the kinematical decomposi-

tion is the expansion. Therefore, we have

∇νuµ =
1
3

θ hµν. (47)

The fact that an expanding manifold gives rise exclusively to an isotropic expansion term, while
acceleration, vorticity, and shear vanish identically due to homogeneity, isotropy, and observer inde-
pendence is of central importance for the internal consistency of the theory.

Reducing the kinematical decomposition to pure isotropic expansion demonstrates that this
expansion originates from the inertial structure of spacetime itself. In teleparallel geometry, where
inertial structure is encoded in torsion rather than curvature, a discussion of the physical content of
expansion therefore necessarily requires passing from the metric description to an analysis in terms of
torsion.

3.4. Metric

The resulting metric takes the form

gµν =


−(c2 − |W|2) aW1 aW2 aW3

aW1 a2 0 0
aW2 0 a2 0
aW3 0 0 a2

, (48)

where the time–space components induced by the chosen tetrad structure are nonvanishing,

g0i = a(t)Wi. (49)
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This shows that the temporal and spatial directions do not fully decouple at the metric level, and that
the spatial frames are transported along time with a certain drift. The factor a(t) sets the cosmological
scaling of this effect, while the field Wi encodes the spatial structure of the drift.

In the present framework, the drift field Wi characterizes the transport (dragging) of spatial
frames along the temporal direction. The nonvanishing components g0i = a(t)Wi encode this effect
at the metric level, indicating that spatial frames are continuously GDVected in time rather than
remaining orthogonal to it. In this sense, drift represents the geometric dragging of spatial directions
by the temporal flow of spacetime.

Although these terms are formally reminiscent of the shift vector in the ADM decomposition, the
contribution aWi that appears here cannot be interpreted purely as a consequence of a coordinate choice.
Indeed, Wi is directly tied to the temporal structure of the tetrad and therefore carries kinematical
content: it specifies how the spatial frames are transported along the time direction.

Consequently, the question of whether the mixing observed at the metric level represents a merely
inertial effect or a genuine feature of spacetime geometry can be clarified in a sharp way only by
passing to the teleparallel description, where the relevant notion is torsion.

3.5. Lorentz Covariance of Torsion

In the discussion of the physical nature and necessity of the field Wi, the concept of torsion—one
of the fundamental geometric objects of teleparallel geometry—plays a central role. In this section, we
systematically analyze the geometric definition of torsion and its manifestation for different classes
of observers. In particular, observers in Minkowski spacetime, static observers (i.e. observers with
fixed spatial coordinates), freely falling observers, and accelerated observers will be treated separately.
Special emphasis is placed on the distinction between spurious (inertial) torsion contributions arising
in accelerated frames and genuine geometric torsion.

Within this framework, the question of whether the origin of the field Wi can be traced to
spurious torsion effects or to the true geometric torsion of spacetime will be answered in a precise and
unambiguous manner.

The tetrad structure adopted throughout this work is given by Eq. (24) and the general definition
of torsion tensor is given by Eq. (3).

For non-accelerated observers, guided by the Fermi–Walker conditions introduced earlier, one
may consistently employ the Weitzenböck connection. However, once accelerated observers are
considered, contributions from the spin connection necessarily arise, giving rise to spurious torsion
effects. In the Weitzenböck gauge,

ωa
b = 0, Ta := dea. (50)

Carrying out the intermediate steps explicitly (see Appendix IV.A), one finds

Ti = dei =
(
ȧ δi

j − ∂jWi
)

dt ∧ dxj. (51)

Under the chosen tetrad structure, the computation of torsion reveals that only the components
corresponding to time–space mixing are non-vanishing. The resulting component,

Ti
0j =

1
a
(
ȧ δi

j − ∂jWi
)
, (52)

measures the mismatch between the temporal evolution of space and the spatial structure of the
selected drift field.

Torsion thus emerges as the direct geometric expression of the difference between how space
expands and how matter or observers are transported within that expansion. Since acceleration, rotation,
and shear vanish identically in the present setting, no other kinematical structure remains that could
encode this mismatch. Consequently, the entire physical content of torsion is necessarily concentrated
in the component Ti

0j.
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This result demonstrates explicitly that the field Wi is not a spurious coordinate artifact, but a
physical geometric field associated with the inertial structure of spacetime.

The reason why this component cannot, in general, be set to zero is that the term ∂jWi contains a
genuine geometric contribution tied to the global kinematical structure of spacetime, which cannot be
eliminated by a local Lorentz transformation or by a suitable choice of spin connection.

Nevertheless, the question of whether Wi originates from spurious torsion or from genuine
geometric torsion must still be explicitly addressed. To this end, the definition and explicit computation
of torsion for observers in free fall, observers at rest with respect to the ground, observers in empty
space, and accelerated observers will be presented in detail, together with a clear account of the
conventions and calculations required to separate inertial from geometric contributions.

3.5.1. Discussion on the Good Tetrad

In teleparallel geometries, infinitely many tetrad choices correspond to the same metric structure.
This freedom arises because tetrads describe local observer frames rather than the spacetime geometry
itself. However, not every tetrad choice correctly reflects the physical content of the torsion tensor.

In particular, within the pure tetrad formulation where the spin connection is set to zero, an
inappropriate tetrad choice may lead to inertial contributions—associated with acceleration and
rotation—being improperly encoded into the torsion tensor. In such cases, torsion does not represent
purely gravitational effects, but also contains spurious inertial artifacts.

In the literature, tetrads that avoid this issue are referred to as good tetrads. A good tetrad is defined
as one that, even when the spin connection is set to zero, does not generate torsion in Minkowski
spacetime and contains only genuine geometric (gravitational) torsion components. Such tetrads
prevent inertial effects from mixing with torsion and thereby ensure the consistency of the geometric
interpretation.

The tetrad structure employed in the present work possesses this good tetrad property for inertial,
freely falling, and Fermi–Walker transported observer frames. In these cases, it is consistent to set
the spin connection to zero. In contrast, when accelerated observers are considered, the covariant
teleparallel formulation is adopted and an appropriate curvature-free spin connection is introduced.
This prevents inertial contributions from being incorrectly transferred into the torsion tensor.

Therefore, the use of a good tetrad in this work is not assumed universally, but is applied
consistently depending on the physical class of observers. This approach guarantees that torsion is
interpreted as an observer-independent quantity associated with the inertial and geometric structure
of spacetime.

It is worth noting that this kinematical separation has a conceptual connection to discussions in
the literature on nonlinear teleparallel generalizations. In particular, the Lorentz frame dependence
issues encountered in f (T)-type theories can be understood as a dynamical manifestation of the failure
to separate inertial contributions from genuine geometric torsion. As shown by M. Krššák and E. N.
Saridakis, for any given form of f (T), the field equations are satisfied by all tetrads related through a
Lorentz transformation. In other words, within f (T) gravity there is no intrinsic distinction between
good and bad tetrads, provided that one does not impose a vanishing spin connection, namely the
Weitzenböck gauge. Once this restriction is lifted and the appropriate inertial spin connection is
properly taken into account, the theory does not exhibit frame dependence [9].

Although no f (T)-type generalization is considered in the present work and the action itself is not
modified at that level, the approach adopted here sheds light on the more fundamental, kinematical
origin of such problems.

3.5.2. Torsion for an Observer in Minkowski Spacetime

In flat spacetime (Minkowski spacetime), since there is no matter or energy-momentum dis-
tribution capable of disturbing inertial motion, no geometric flow or drift of spacetime can arise.
Consequently, the field Wi that characterizes the inertial structure of spacetime vanishes physically.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2026 doi:10.20944/preprints202512.1361.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1361.v2
http://creativecommons.org/licenses/by/4.0/


12 of 66

In this case, a standard tetrad choice defined in Cartesian coordinates may be adopted, as given
by Eq. (6) which represents a family of observers that is nonrotating, nonaccelerated, and free of any
shift. In Minkowski spacetime, for this tetrad choice,

Ta = dea. (53)

However, for the chosen tetrad one has

de0 = d(c dt) = 0, dei = d(dxi) = 0, (54)

and therefore all components of torsion collapse to zero:

Ta = 0. (55)

This result is consistent with the weak interpretation of Mach’s principle: in a spacetime devoid of
matter and energy–momentum content, no geometric structure capable of defining inertia or spatial
drift (Wi) can arise. Consequently, teleparallel torsion vanishes physically in vacuum.

However, an important distinction must be emphasized. Even in Minkowski spacetime, if one
passes to an accelerated or rotating coordinate system while keeping the spin connection fixed at
ωa

b = 0, a mathematically nonvanishing torsion may be obtained. Such torsion does not belong to
spacetime itself, but instead represents a spurious torsion originating from the noninertial motion of
the observer.

Therefore, the result Ta = 0 obtained in empty space defines the fundamental reference limit for
the definition of physical torsion—and hence of the gravitational field—in teleparallel geometry. The
field Wi can acquire nonvanishing values only when spacetime is disturbed by matter-energy content.

3.5.3. Observer at Rest: Static Frame and the Separation of Geometric Torsion

An observer at rest is defined, within the chosen coordinate system, by the condition that their
spatial position does not change with time, expressed as

ui = 0. (56)

However, this static definition does not imply that the observer follows a physically inertial (geodesic)
worldline. Within the teleparallel framework, the physical velocity measured by an observer in the
tetrad frame is defined as

vi := a(t) ui + Wi. (57)

For an observer at rest, this immediately yields

vi = Wi. (58)

This expression shows that inertial observer corresponds to a relative motion with respect to the local
drift structure of spacetime.

The central question at this point is whether the observer’s acceleration generates spurious
(inertial) contributions to the torsion tensor. In general, in accelerated observer frames, inappropriate
tetrad choices may introduce inertial terms into the torsion tensor. However, in the present work, the
tetrad of the observer at rest is deliberately chosen to be compatible with Fermi–Walker transport. This
choice allows kinematical effects associated with the observer’s proper acceleration to be separated
through the connection structure rather than being absorbed into torsion.

As a result, only genuine torsion contributions appear in the torsion expression, and these
contributions originate from the inertial structure and expansion of the manifold itself.
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In teleparallel formalism, this situation is realized by employing the Weitzenböck connection
under a proper (good) tetrad choice, allowing the spin connection to be taken as

ωa
b = 0. (59)

This choice is not an arbitrary gauge fixing, but rather a geometric consistency condition ensuring that
inertial effects associated with the observer do not contaminate the torsion tensor. In this way, the
resulting torsion is free of observer acceleration and encodes only information about the geometric
structure of spacetime.

Under these conditions, the relevant torsion component computed for the observer at rest is
(Please see Appendix IV.B) (

Ti
0j

)
rest

=
1
a

[
(ȧ − b) δi

j + ∂jW
adapt
i

]
̸= 0. (60)

This result demonstrates that torsion is not a quantity tied to the observer’s acceleration; rather,
acceleration determines only the dynamical interaction of the observer with the geometric structure.

This expression represents the superposition of two distinct geometric contributions. The first
term encodes the mismatch between the temporal scaling of spacetime and the adaptation of the tetrad
to this evolution, while the second term reflects the spatial gradient of the drift field Wi, that is, the
differential variation of the local flow structure of spacetime.

This result again confirms that torsion is not dependent on the observer’s acceleration; acceleration
affects only how the observer dynamically interacts with the geometric structure. In particular, the
second term reveals that torsion is not a gauge quantity but a physical geometric magnitude.

At this stage, the ontological status of the field Wi becomes clear. If Wi were merely an iner-
tial gauge artifact arising from the choice of an accelerated reference frame, then, according to the
fundamental principles of covariant teleparallel theory, one could eliminate torsion entirely by an
appropriate local Lorentz transformation accompanied by a nonvanishing spin connection.

However, as long as cross terms such as g0i persist at the metric level, the contribution of Wi to
torsion remains an inseparable geometric reality. For this reason, Wi represents not a simple coordinate
velocity in empty space, but a geometric drift structure determined by the matter–energy content of
spacetime.

Consequently, the acceleration of an observer at rest is not the source of the observed torsion, but
rather a result of the physical resistance to the geometric drift of spacetime.

3.5.4. Torsion for a Freely Falling Observer

A freely falling observer is defined by the condition that the physical velocity measured in the
tetrad frame does not change with time,

dvi

dt
= 0. (61)

In particular, under the condition vi = 0, this implies that the observer follows the local drift field of
spacetime exactly, that is,

a(t) ui = −Wi. (62)

Physically, this corresponds to the ideal inertial situation in which the observer experiences no inertial
forces and moves together with the geometric flow of spacetime. Nevertheless, when the relevant
torsion component is computed (see Appendix IV.C), one finds(

Ti
0j

)
free fall

=
1
a

[
(ȧ − b)δi

j + ∂jW
adapt
i

]
. (63)

This expression is mathematically identical to the torsion component obtained for the observer at rest
and is generally nonvanishing. Torsion is therefore not a quantity that depends on the dynamical state
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of the observer (accelerated or freely falling), but a covariant geometric object belonging to the inertial
structure of spacetime.

In this sense, observers at rest and freely falling observers are in complete agreement regarding
the value of the torsion field. The difference between them lies not in the value of torsion itself, but in
the way this geometric structure affects their dynamics.

This covariance property also holds for accelerated observers; however, in that case the distinction
between genuine and spurious torsion becomes essential. Genuine torsion is determined by the metric
and spacetime geometry and cannot be eliminated by a suitable choice of spin connection. Spurious
torsion, by contrast, represents inertial contributions that depend solely on the choice of frame and
can be removed by an appropriate spin connection. This distinction will be analyzed in detail in the
following subsection.

3.5.5. Accelerated Observers and the Covariant Transformation of Torsion

In accelerated observer frames, the physical content of torsion can be meaningfully analyzed
only through the fully covariant definition that includes spin connection contributions. In teleparallel
geometry, the torsion 2–form is defined by Eq. (3).

The behavior of this definition under local Lorentz transformations determines whether torsion
represents a mere frame artifact or an observer–independent geometric quantity. In teleparallel
formalism, spurious torsion is defined as a mathematical artifact that arises even in flat Minkowski
spacetime when an inappropriate tetrad choice is combined with an incomplete or incorrect spin
connection. Such contributions do not belong to the physical geometry of spacetime, but solely to the
acceleration of the observer and the chosen frame. For this reason, the separation of inertial effects
from physical torsion crucially depends on the correct choice of spin connection.

The tetrad field of an accelerated observer is obtained from a reference inertial tetrad ea via a
spacetime–dependent local Lorentz transformation Λa

b(x):

e′a = Λa
b(x) eb. (64)

In order to prevent the acceleration and rotation introduced by this transformation from contaminating
the physical (gravitational) content of torsion, the spin connection must be chosen in a pure–gauge
form that remains curvature-free,

ω′a
b = Λa

c d(Λ−1)c
b, Ra

bcd = 0. (65)

This choice guarantees that all inertial effects are absorbed into the spin connection and that the torsion
tensor represents only genuine geometric content.

Under these conditions, torsion transforms as a fully tensorial quantity,

T′a = de′a + ω′a
b ∧ e′b = Λa

b Tb. (66)

It has thus been shown that there is no ontological discrepancy in the status of torsion between
accelerated, stationary, and freely falling observers. The “frame dependence” problem frequently
discussed in the literature arises, in most cases, from imposing ω = 0 (pure tetrad) in accelerated
frames, thereby incorrectly transferring inertial contributions into the torsion tensor.

In summary, accelerated and freely falling observers at the same spacetime point measure the
same physical torsion; the difference between them lies only in how the tetrad components of this
torsion are labeled under local Lorentz transformations. The invariance of the torsion derived from the
drift field Wi under such transformations demonstrates unambiguously that it is not a coordinate or
frame artifact, but an objective geometric invariant determined by the matter-energy content of spacetime.
This result clearly establishes torsion as a real geometric field that is independent of the observer.
Different observers:
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• live in the same torsion field,
• measure the same genuine torsion,
• but have different dynamical relations (acceleration, force) to this torsion.

There is therefore no disagreement between observers regarding torsion itself; differences arise
only in the interpretation of acceleration and motion.

Up to this point, it has been demonstrated that the geometric drift field Wi carries an observer–
independent, physical torsion content that necessarily emerges through kinematical decomposition.

Given the curvature-free but torsionful nature of teleparallel geometry, particle motion is naturally
described in terms of autoparallels associated with the teleparallel connection. When this motion is
re-expressed with respect to the Levi–Civita connection, deviations from geodesic motion arise, which
are entirely encoded in the contortion tensor measuring the difference between the two connections.
The geometric and physical content of this tensor will be analyzed in detail in the following section.

4. From Kinematics to Dynamics
4.1. Contortion and Inertial Mismatch

In what follows, the geometric origin of the inertial mismatch emerging in free particle motion is
clarified by expressing the difference between the teleparallel and Levi–Civita connections through the
contortion tensor.

4.1.1. Difference Between Levi–Civita and Teleparallel Connections

A fundamental feature of teleparallel geometry is that spacetime is described by a connection that
is free of curvature but possesses torsion. In contrast, the Levi–Civita connection is metric-compatible
and torsion-free, representing the standard connection employed in General Relativity.

Although these two connections share the same metric structure, they define parallel transport
and the notion of geodesics in fundamentally different ways. Consequently, it is necessary to explic-
itly identify and geometrically characterize the difference between the teleparallel and Levi-Civita
connections.

4.1.2. Contortion Tensor

The difference between these two connections defined on the same metric manifold is encoded in
the contortion tensor, which measures the deviation of the teleparallel connection from the Levi–Civita
connection.

In this context, the relationship between the teleparallel connection Γρ
µν, the Levi–Civita connec-

tion {ρ
µν}, and the contortion tensor Kρ

µν is given by

Γρ
µν = {ρ

µν}+ Kρ
µν. (67)

This expression makes it clear that the contortion tensor does not represent an independent geometric
structure, but rather encodes the difference between a torsionful parallel transport rule and the
torsion-free Levi–Civita geometry.

The contortion tensor is defined directly in terms of the torsion tensor and therefore carries
information intrinsic to the kinematic structure of spacetime. In the present work, torsion encodes the
mismatch between the natural inertial congruence of spacetime and the motion of a given observer or
particle. Accordingly, the contortion tensor becomes the fundamental quantity that determines how
this inertial deviation manifests itself within the Levi–Civita geometric framework.

The contortion tensor, together with the associated superpotential tensor, constitutes the basic
geometric building blocks of the teleparallel Lagrangian structure. The contortion tensor is defined as

Kµν
ρ = −1

2
(
Tµν

ρ − Tνµ
ρ − Tρ

µν

)
. (68)
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4.1.3. Components of the Contortion Tensor

For the tetrad structure employed in this work, the non-vanishing components of the contortion
tensor are obtained as follows. (Please see Appendix V.A)

• The symmetric contortion component Ki
0j encodes the mismatch between the inertial flow of

spacetime and the motion of a particle. This mismatch is determined by the geometric drift field
Wi and represents the teleparallel geometric expression of inertial incompatibility.

Ki
0j =

1
2
(
T j

i0 + Ti
j0
)
, (69)

• This antisymmetric component represents the local rotational or vortical structure of spacetime.
Within the framework considered here, this term corresponds to the rotational contributions of
the flow field and vanishes at cosmological scales due to isotropy, while producing Coriolis-like
effects in local systems.

Ki
j0 =

1
2
(
T j

i0 − Ti
j0
)
, (70)

• The algebraic relation between the component K0
ij and Ki

0j indicates that the mismatch between
temporal and spatial components originates from the same geometric source.

K0
ij = −Ki

0j, (71)

• In contrast, the vanishing of the purely spatial components Ki
jk = 0 implies that space itself does

not contain any intrinsic inertial distortion, shear, or rotation. All physical effects arise from the
interplay between the temporal evolution of space and the underlying flow structure.

Ki
jk = 0. (72)

Taken together, these results demonstrate that the contortion tensor carries physical content
exclusively through time–space mixing components.

The contortion tensor thus shows that Wi is not merely a kinematic parameter, but a physical
inertial field that modifies the geometric definition of free particle motion.

4.1.4. Role of Contortion in Free Particle Motion

In the teleparallel framework, the assumption of inertial motion is expressed by the vanishing of
the proper acceleration defined with respect to the drift-adapted tetrad frame:

dvi

dt
= 0. (73)

Here, vi denotes the physical velocity measured relative to the geometric drift field.
Solving Eq. (73) in terms of the coordinate acceleration yields

dui

dt
= − ȧ

a
ui +

dWi

dt
, (74)

which determines the temporal evolution of the coordinate velocity of a free particle.
In standard General Relativity, free-fall trajectories are metric geodesics determined solely by the

Levi–Civita connection Γ̊µ
αβ.
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By contrast, the Weitzenböck connection is curvature-free but torsionful, and in the presence of
torsion, metric geodesics and autoparallels do not generally coincide. This follows directly from the
definition of the torsion tensor:

Tλ
µν = Γλ

νµ − Γλ
µν ̸= 0. (75)

Accordingly, inertial motion in teleparallel geometry is defined by the autoparallels of the Weitzen-
böck connection:

uν∇(W)
ν uµ = 0, (76)

or equivalently,
duµ

ds
+ Γµ

αβuαuβ = 0, (77)

where ∇(W) denotes the covariant derivative defined with respect to the Weitzenböck connection.
The Weitzenböck connection differs from the Levi–Civita connection through the contortion

tensor:
Γµ

αβ = Γ̊µ
αβ + Kµ

αβ, Kµ
αβ =

1
2
(
Tα

µ
β + Tβ

µ
α − Tµ

αβ

)
. (78)

The Weitzenböck connection is defined directly in terms of the tetrad field as

Γµ
αβ = eaµ∂αeaβ. (79)

For the drift-adapted tetrad introduced above, the non-vanishing components of the connection
are given by

Γ0
αβ = 0, (α, β = 0, 1, 2, 3), (80)

Γi
00 =

1
a

ḃ xi − ∂tWi
adapt, (81)

Γi
0j =

1
a

b δij − ∂jWi
adapt, (82)

Γi
j0 =

ȧ
a

δij, (83)

Γi
jk = 0. (84)

The explicit asymmetry between the coefficients Γi
0j and Γi

j0 is a direct manifestation of torsion:

Ti
0j = Γi

j0 − Γi
0j ̸= 0, (85)

and this asymmetry arises naturally from the exterior derivative of the drift-adapted tetrad, rather
than from an additional term appended to the connection.

Using these coefficients, the autoparallel equation can be written as

duµ

ds
+ Γ̊µ

αβuαuβ = −Kµ
αβuαuβ, (86)

where the right-hand side represents the torsional correction to the geodesic equation of Rieman-
nian geometry. Consequently, the autoparallels of the Weitzenböck connection coincide with metric
geodesics if and only if

Tµ
αβ = 0 ⇐⇒ Kµ

αβ = 0. (87)

In particular, the geometric drift field Wi appears explicitly in the time–space components of the
contortion tensor and directly controls the deviation of free particle motion from Levi–Civita geodesics.
When Wi = 0, the contortion tensor vanishes identically and free particles follow Levi–Civita geodesics.
Conversely, when Wi ̸= 0, the resulting contortion arises not from any external force, but from the
kinematic mismatch between the inertial structure of spacetime and the motion of the particle.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2026 doi:10.20944/preprints202512.1361.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1361.v2
http://creativecommons.org/licenses/by/4.0/


18 of 66

In this sense, the contortion tensor allows the gravitational interaction to be understood not as a
dynamical force but as the Levi–Civita representation of an inertial deviation induced by the geometric
drift field. This property clearly demonstrates that the field Wi is not a spurious coordinate artifact,
but a genuine geometric quantity associated with the physical kinematic structure of spacetime.

The contortion tensor provides only the kinematic representation of this mismatch and is not
sufficient by itself to determine the dynamical content of the underlying geometric deviation.

4.2. Superpotential

Since the contortion tensor represents purely kinematic content, it does not by itself enter the
Lagrangian and therefore necessitates the introduction of a term that encodes the dynamical content of
the theory.

4.2.1. Definition of the Superpotential

For a gravitational theory to be dynamical, a covariant scalar capable of entering the action is
required. In teleparallel geometry, this scalar is constructed from torsion. Although it is mathematically
possible to form several scalar quantities from torsion, not all of them are physically admissible. In
agreement with the standard literature, there exists a unique physically meaningful combination, given
by

T := Tρ
µν Sρ

µν, (88)

which necessitates the introduction of the superpotential tensor defined as

Sρ
µν =

1
2

(
Kµν

ρ + δ
µ
ρ Tαν

α − δν
ρ Tαµ

α

)
. (89)

The superpotential term thus consists of both the contortion tensor and the trace of the torsion
tensor.

4.2.2. Components of the Superpotential

• Superpotential components with purely spatial lower indices

S0
ij =

1
2

Kij
0 (90)

are obtained.
Although these components are associated with temporal energy fluxes induced by spatial

distortions, they do not contribute to an independent gravitational energy transport within the drift-
adapted frame and under the assumed symmetries.

• Time–space mixed components of the superpotential (Please see Appendix V.B)

Si
0j = −1

2

(
Ki

0j + δi
j T0

)
, T0 := Tµ

0µ (91)

are obtained.
This term contains contributions from both the contortion tensor and the torsion trace. In this

way, it combines the inertial structure of spacetime that is incompatible with free particle motion
with the effects of global expansion and geometric drift, thereby representing the geometric origin of
gravitational energy.

• Purely spatial superpotential components

Si
jk = 0 (92)

vanish identically.
The vanishing of the purely spatial components of the superpotential implies that gravitational

energy does not originate from the intrinsic spatial geometry itself, but rather from the incompatibility
between the temporal evolution of spacetime, geometric drift, and particle motion.
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4.2.3. Inertial Origin of Gravitational Energy

Examining each contribution, one finds that only the time space mixed components of the
superpotential tensor carry gravitational energy momentum content. This result demonstrates that the
intrinsic geometry of space does not generate any gravitational energy–momentum by itself, and that
the entire physical effect arises from the interaction between temporal evolution and geometric drift.
Consequently, gravitational energy does not stem from spatial curvature or deformation, but from the
kinematic mismatch between the inertial flow of spacetime and particle motion.

Moreover, it becomes clear that the field Wi is not merely a coordinate-dependent or kinematic
artifact, but a physical field that determines the inertial flow of spacetime and contributes directly to
the generation of gravitational energy.

Within the TEGR framework, the gravitational action is defined in terms of a single scalar T
constructed as a Lorentz-covariant combination of torsion. This does not imply that all torsion com-
ponents contribute with the same physical magnitude; on the contrary, different torsion components
enter T with different coefficients, and this specific structure is chosen so as to produce dynamics
equivalent to General Relativity.

Nevertheless, since the TEGR action collects the torsion configuration into a single scalar, it cannot
assign separate and independent dynamical weights to distinct kinematic origins of torsion (for instance,
contributions associated with expansion versus possible inertial or frame-dependent contributions).
In other words, in TEGR the dynamical effect of torsion is assessed through a single total scalar,
independently of its physical origin.

The kinematic decomposition performed in this work has shown that, under the drift-adapted
tetrad considered here, acceleration, vorticity, and shear contributions are absent; consequently, the
physical content is necessarily concentrated in the time–space mixed torsion components. Therefore,
what is decisive here is not which torsion component is present, but rather the projection of the torsion
trace along the natural observer congruence uµ. The projection S , as given in Eq. (28), is defined as
a scalar quantity and directly measures the inertial mismatch between cosmological expansion and
geometric drift.

4.3. Dynamics: Action, Field Equations, and Conservations

In this section, the dynamical principle that determines which configurations realize the kine-
matically defined torsion structure introduced in the previous parts is formulated through an action
functional. The fundamental geometric variable is the tetrad field ea

µ, and the field Wi appears within
the component ei

0 of this tetrad not as an independent matter field, but as part of the geometry.

4.3.1. Gravitational Lagrangian Density

The GR-equivalent dynamics of teleparallel gravity is obtained by defining the torsion scalar as
given in in Eq. (88), whereas in the present work, in order to dynamically weight the expansion-drift
mismatch indicated by the kinematic decomposition through an additional term, the lowest-order
Lorentz-covariant correction based on the projection of the torsion trace along the natural observer
congruence is introduced:

Lgrav =
|e|
2κ

[
T + β (Tµuµ)2

]
, Tµ := Tν

νµ, κ := 8πG, (93)

where |e| = det(ea
µ) denotes the tetrad determinant.

• It is important to emphasize that the β (Tµuµ)2 term in the Lagrangian is not introduced arbitrarily.
Its mathematical and geometrical motivation is provided by the projected trace-torsion invariant
(uµVµ)2, which is selected as the minimal extension that directly controls the observer-measured
scalar torsion sector responsible for isotropic drift dynamics. This term vanishes in the local static
vacuum branch (thereby preserving the GR limit), introduces no higher derivatives beyond TEGR,
and adds only a single additional coupling constant (see Appendix-VI).
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The quadratic form ensures that the contribution is independent of the sign of Tµuµ, which
may change sign, while remaining the minimal covariant scalar at lowest order. Moreover, (Tµuµ)2

represents the lowest-order nontrivial contribution of this quantity to the action; the overall sign of the
physical effect is determined by the coefficient β, not by the quadratic structure itself.

4.3.2. Matter Sector and Congruence Constraint

The total action, together with the matter Lagrangian Lm, is written as

Stot =
∫

d4x
(
Lgrav + |e| Lm

)
. (94)

The natural observer field uµ may be interpreted not as an independent dynamical vector field, but as
the congruence adapted to the temporal leg of the chosen tetrad. Nevertheless, if one wishes to impose
explicitly the unit timelike condition on uµ, one may add the constraint term via a Lagrange multiplier,

Sλ =
∫

d4x |e| λ (uµuµ + 1), (95)

which fixes the norm of the congruence and guarantees consistency with the observer interpretation
employed in the kinematic decomposition.

4.3.3. Field Equations

The Lagrange multiplier λ enforces the normalization condition uµuµ = −1. Although this
constraint term does not contribute to the action on-shell, it is required in order to ensure a consistent
variational principle. Varying with respect to the field uµ yields

δS
δuµ =

|e| β

κ
(Tνuν)Tµ + 2λuµ = 0, (96)

which gives the corresponding Euler–Lagrange equation. This relation determines λ algebraically and
guarantees compatibility between the norm of the observer congruence and the geometric background.

The torsion scalar T appearing in the action is defined in the standard teleparallel form as

T =
1
4

TρµνTρµν +
1
2

TρµνTνµρ − Tρµ
ρTνµ

ν = Tρ
µνSρ

µν (97)

In the drift-adapted tetrad frame, this scalar contains not only the terms sourced by cosmological
expansion, but also the spatial gradients of the drift field and the expansion–drift mixed contributions.
These terms encode the backreaction of geometric drift on gravitational dynamics without introducing
an additional matter field.

Only the symmetric components of the superpotential contribute to the torsion scalar, since in this
frame one finds that T0

ij = 0. In this case, the torsion scalar can be written as (Please see Appendix-VII)

T = Tij0Sij0 + Ti0jSi0j = 2Tij0Sij0

= − 1
4a2

(
∂iW

adapt
j + ∂jW

adapt
i

)2
+ 2HeffT0 − T2

0 − 3H2
eff, (98)

where the effective Hubble parameter is defined as

Heff :=
ȧ − b

a
(99)

When this expansion is substituted back into the action, the effective Lagrangian density takes the
form

L =
|e|
2κ

[
− 1

4a2 (∂W)2 + (2 + β)T2
0 − 3b2

]
(100)
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where (∂W)2 denotes the square of the symmetric spatial gradient of the drift field. The term T2
0

collects the combined contributions of cosmological expansion and drift divergence, while the b2 term
behaves as an effective background energy density.

Finally, variation with respect to the tetrad field yields the field equations in the (Please see
Appendix-VIII)

1
|e|∂µ(|e|Sa

µν) + Tρ
µaSρ

νµ − 1
4

ea
νT + βZa

ν = κΘa
ν (101)

where Θa
ν is the matter energy–momentum tensor. The additional term Za

ν arises solely from the
variation of the quadratic trace contribution (Tµuµ)2 and has no counterpart in the standard TEGR
Lagrangian. (Please see Appendix XIV)

The additional contribution β(Tµuµ)2 introduced in Eq. (93) is not claimed to arise from a fun-
damental uniqueness theorem. Rather, it represents the lowest-order scalar invariant that can be
constructed from the torsion trace and the observer congruence within the teleparallel sector. It is
therefore to be understood as an effective-field-theory (EFT) extension consistent with diffeomorphism
invariance and local Lorentz covariance, analogous in spirit to f (T)-type deformations. The construc-
tion is symmetry-allowed and isolates precisely the expansion–drift mismatch measured by the scalar
Tµuµ.

The fact that Wi is fixed by the Euler–Lagrange equation does not imply a breaking of diffeo-
morphism invariance. The action is fully covariant. The reduction of freedom concerns only the
residual gauge freedom after choosing the drift-adapted congruence uµ. This situation is directly
analogous to the ADM formulation of GR, where the shift vector is non-dynamical and determined by
the momentum constraint, without any violation of spacetime covariance.

∂i

[
|e|

a2c2

(
3ȧ − ∂jW j

)]
= 0. (102)

For a homogeneous background where |e| ∝ a3, this reduces to

∂i∂jW j = 0, (103)

or equivalently,
∇2(∇ · W) = 0. (104)

The Wi-equation given in Eq. (104) is therefore an elliptic (Poisson-type) constraint. It contains no
second time derivatives and does not introduce additional propagating degrees of freedom. The drift
field is determined instantaneously on each time slice by the constraint structure.

A final comment can be made on matter sources and preferred frame effects. Including matter,
the variation of the matter action yields

1
|e|

δSm

δWi = Θi
0, (105)

so that the constraint becomes

∂i

(
|e|
ac

T0

)
= − κ

β
|e|Θi

0. (106)

In the cosmological comoving frame, where Θi
0 = 0, the vacuum constraint applies and no local

preferred-frame effects arise. Since uµ is not an independent dynamical Æther field but the temporal
leg of the tetrad, the theory does not introduce additional propagating vector modes.

4.4. Degree-of-Freedom Structure of the GDV Sector

Before proceeding to phenomenological implications, it is essential to clarify the dynamical
content of the GDV contribution and verify whether the additional term β(Tµuµ)2 introduces new
propagating degrees of freedom.
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In the drift-adapted tetrad, given by Eq. (24), the torsion tensor depends on Wi only through its
spatial gradients ∂jWi, while no term proportional to Ẇi appears in Ta, the torsion trace Tµ, or the
scalar T. Consequently, the gravitational Lagrangian contains no time derivatives of Wi.

The canonical momenta conjugate to Wi therefore vanish identically,

πi =
∂L

∂Ẇi
= 0, (107)

leading to three primary constraints. Dirac consistency generates three additional secondary con-
straints, which take the form of elliptic (Poisson-type) equations for Wi.

The resulting six constraints form a set of second-class constraints, so that the phase space
dimension 2 × 3 = 6 is completely removed. The number of propagating degrees of freedom in the
GDV sector is thus (Please see Appendix IX)

NW =
1
2
(6 − 6) = 0. (108)

Hence the field Wi does not introduce independent dynamical propagating modes. It acts as a
non-dynamical auxiliary geometric field whose value is determined algebraically (through constraint
equations) and whose influence enters the gravitational dynamics via constraint backreaction.

In particular, since no kinetic term of the form Ẇ2 is present, no additional ghost [12] or
Ostrogradsky-type instability [13] arises from the GDV modification. The full Hamiltonian constraint
analysis supporting this result is presented in Appendix IX.

4.5. Degrees of Freedom in the Full Perturbative Theory

To determine whether the GDV extension introduces additional propagating degrees of freedom
beyond the restricted ansatz sector, we consider linear perturbations around a spatially flat FLRW
background.

ea
µ = ēa

µ + δea
µ, (109)

where the background tetrad satisfies

ē0
0 = 1, ēi

j = a(t) δi
j. (110)

Perturbations are decomposed into tensor, vector, and scalar sectors according to spatial SO(3)
symmetry.

4.5.1. Tensor Sector

In transverse–traceless (TT) gauge,

∂ihij = 0, hi
i = 0, (111)

with the metric perturbation defined by
δgij = a2hij. (112)

For TT perturbations, the torsion trace projection satisfies

Tµuµ = O(h2). (113)

Hence the quadratic GDV correction
β(Tµuµ)2 (114)
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contributes only at quartic order in perturbations. The quadratic action therefore reduces to the
standard TEGR result:

S(2)
tensor =

1
8κ

∫
dt d3x a3

[
ḣ2

ij −
1
a2 (∂khij)

2
]

. (115)

Thus,
c2

T = 1, (116)

where cT is the tensor propagation speed and two tensor polarizations propagate, as in General
Relativity. No additional tensor degrees of freedom arise.

4.5.2. Vector Sector

Vector perturbations are introduced through transverse components:

δei
0 = Vi, ∂iVi = 0. (117)

At linear order, the torsion trace depends algebraically on Vi but contains no time derivatives of
Vi. Consequently, the quadratic action does not contain terms of the form (∂tVi)2.

The canonical momenta therefore vanish:

πVi =
∂L

∂(∂tVi)
= 0. (118)

Vector perturbations remain non-dynamical constraints, as in General Relativity.

4.5.3. Scalar Sector

Scalar perturbations of the tetrad may be parameterized as

δe0
0 = Φ, (119)

δe0
i = ∂iB, (120)

δei
0 = ∂iC, (121)

δei
j = ψ δi

j + ∂i∂jE. (122)

The torsion trace projection takes schematically the form

Tµuµ = α1ψ̇ + α2∇2C + α3HΦ + · · · , (123)

where the αi are background-dependent coefficients.
The GDV correction contributes

β(Tµuµ)2 ∼ β(ψ̇ + · · · )2. (124)

Importantly, no independent second-order kinetic term for a new scalar variable appears. After
solving the Hamiltonian and momentum constraints, the number of propagating scalar degrees of
freedom remains the same as in GR with matter. The GDV extension does not introduce additional
propagating gravitational degrees of freedom.

4.6. Energy-Momentum Conservation

The total action of the theory is given by

Stot =
∫

d4x
[
|e|
2κ

(
T + β (Tµuµ)2

)
+ Lm

]
, (125)

which is invariant under spacetime diffeomorphisms xµ → xµ + ξµ.
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The quadratic structures arising in this work, such as (Tµuµ)2, do not correspond to introduc-
ing a nonlinear function of the torsion scalar into the action (please see Appendix-X for a detailed
comparison).

Rather, they are treated as kinematical quantities constructed to isolate and interpret the physically
meaningful components of the torsion tensor by separating them from observer-dependent inertial
contributions.

Variation of this action with respect to the tetrad fields ea
µ yields the field equations

Gµν = κ T(m)
µν + T(GDV)

µν , (126)

where Gµν denotes the teleparallel gravitational operator, T(m)
µν is the matter energy–momentum tensor,

and T(GDV)
µν arises from the variation of the quadratic torsion–trace term β (Tµuµ)2.

Diffeomorphism invariance of the total action implies the corresponding Noether identity,

∇µGµν ≡ 0, (127)

which holds identically in the teleparallel framework as a consequence of the antisymmetry properties
of the superpotential. As a result, the field equations lead to the total covariant conservation law

∇µ

(
T(m)µν + T(GDV)µν

)
= 0. (128)

The matter Lagrangian Lm depends on the tetrad only and does not contain any direct coupling
to the drift field Wi or to its derivatives. Consequently, diffeomorphism invariance of the matter sector
implies the standard conservation law

∇µT(m)µν = 0. (129)

The geometric drift contribution satisfies an independent covariant conservation law,

∇µT(GDV)µν = 0. (130)

It is important to emphasize that the conservation of T(GDV)
µν does not imply the absence of

gravitational effects associated with the drift sector. Rather, it reflects the fact that the GDV contribution
is of purely geometric origin and enters the dynamics through the tetrad, not through direct coupling
to matter.

For convenience, we define an effective geometric energy–momentum tensor T(GDV)
µν by moving

the quadratic torsion contribution to the right-hand side of the field equations. This is merely a
rearrangement of the geometric terms and does not introduce an additional matter sector.

Accordingly, the drift-induced torsion trace represents a genuine geometric source in the gravi-
tational field equations, while remaining dynamically isolated from the matter sector at the level of
energy–momentum exchange.

4.7. Killing Vectors and Noether Charges

In this section we analyze the implications of spacetime symmetries for particle motion in the
GDV framework. Spacetime symmetries are characterized by Killing vector fields, and each Killing
vector is associated with a conserved Noether charge. Consequently, the symmetry properties of the
geometric background determine which physical quantities are conserved along particle worldlines.

4.7.1. Noether Charge and Energy Conservation

Following the field equations, we employ the Noether approach to examine the influence of
spacetime symmetries on particle motion. Given a vector field ξµ, the associated Noether charge is
defined as

Qξ := ξµuµ, (128)
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where uµ denotes the particle four-velocity.
The evolution of this quantity along proper time τ is given by

dQξ

dτ
= uµuν∇(µξν) − ξµKµ

αβuαuβ, (131)

where Kµ
αβ is the contortion tensor.

Equation (129) shows that conservation of the Noether charge requires two independent condi-
tions:

1. The vector field ξµ must be a genuine Killing vector,

∇(µξν) = 0, (132)

2. The torsion-induced contribution proportional to the contortion must not generate additional
sources along the particle trajectory.

For energy, the relevant vector field is the generator of time translations,

ξ
µ
E = (∂t)

µ. (130)

However, in the GDV framework the background geometry is generically time-dependent,

ȧ ̸= 0, ∂tWi ̸= 0, (133)

so that ∂t is not a Killing vector:
∇(µξν) ̸= 0. (134)

Therefore, the Noether charge associated with energy is not conserved in general.
Importantly, this non-conservation does not represent a specific violation induced by torsion.

Rather, it is a direct consequence of the absence of time-translation symmetry. The fundamental reason
for the lack of global energy conservation is the non-stationarity of the spacetime background, not the
presence of contortion.

If, in particular,
ȧ = 0, ∂tWi = 0, (135)

then the spacetime becomes stationary, a timelike Killing vector exists, and the corresponding Noether
energy charge is conserved.

Generalized Energy: Within the GDV framework, the generalized energy measured along a
particle worldline is defined by

E := ξE
µ uµ = −ut. (136)

In a time-dependent background, ut acquires explicit time dependence. This variation should not
be interpreted as local work performed on the particle. For freely falling particles, the physical four-
acceleration vanishes in the drift-adapted frame, so no local force acts on the particle. Instead, the time
dependence of ut reflects the evolving geometric background and the corresponding coordinate-based
definition of energy.

Thus, global energy conservation is generically absent in non-stationary GDV backgrounds.

4.7.2. Linear Momentum

Spatial translation symmetries correspond to linear momentum conservation. For the global drift
configuration

Wi = b(t)xi, (137)

the torsion tensor remains spatially homogeneous. Consequently, spatial homogeneity is preserved
and a globally defined linear momentum exists.
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4.7.3. Angular Momentum

If the background geometry is isotropic, rotational Killing vectors are present. In this case, angular
momentum remains conserved globally.

Within the GDV framework:

• Energy conservation is tied to time-translation symmetry,
• Linear momentum conservation follows from spatial homogeneity,
• Angular momentum conservation follows from isotropy.

Time-dependent expansion and drift lead to the absence of global energy conservation. However,
in homogeneous and isotropic backgrounds, linear and angular momentum conservation remain valid.

Apparent torsion contributions arising in accelerated frames are absorbed into the spin connection
in the covariant formulation. Therefore, the above conservation statements are independent of frame
artifacts.

5. Consistency Limits and Physical Regimes
5.1. Physical Limits

In this section, the physical consistency of the theory is examined by analyzing its behavior in the
Minkowski, Newtonian, and Kottler (Schwarzschild–de Sitter) limits.

5.1.1. Minkowski Limit

In vacuum, with no expansion and no drift,

a(t) = const, Wi = 0, (138)

the tetrad reduces to Eq. (6), the torsion vanishes: Ta = 0 and the metric becomes Minkowski. The
torsion scalar and the gravitational Lagrangian both vanish as well. All Poincaré symmetries are
restored, and energy–momentum conservation holds globally. Thus, the GDV framework consistently
reduces to special relativity in vacuum.

5.1.2. Newtonian Limit

The Newtonian limit is analyzed in order to verify that the proposed geometric drift structure
correctly reproduces classical Newtonian gravity in the weak-field and low-velocity regime.

We consider the limit
a → 1, b → 0, ∂tW → 0, (139)

and neglect cosmological contributions. We further restrict to the irrotational sector of the flow. In the
drift-adapted frame, inertial motion is defined by Eq. (57) which implies

ui = −Wi. (140)

Substituting this into the inertial condition gives

dui

dt
= −W j∂jWi. (141)

Comparing with the Newton equation

dui

dt
= −∂iΦ, (142)

we obtain
∇Φ = W j∂jW. (143)
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Using the vector identity

W j∂jWi = ∂i

(
W2

2

)
−
(
W × (∇× W)

)i, (144)

and restricting to the irrotational sector, ∇× W = 0, we find

Φ =
W2

2
. (145)

Geometric Interpretation of Gravitational Energy

The above expression does not imply that the gravitational potential is identified with the kinetic
energy of the test particle.

The field Wi represents the geometric drift structure of spacetime, not the particle velocity.
Therefore, the potential is a property of the background geometry, rather than a dynamical quantity of
the particle. Even when the particle velocity vanishes, spacetime may carry a nonzero drift structure,
and the norm of this drift determines the potential depth.

For a test mass m, the potential energy is

U = −mΦ = −m
2

W2. (146)

Gravitational energy thus arises from the inertial flow structure of spacetime. Kinetic energy
depends on the particle’s velocity relative to the drift-adapted frame, whereas potential energy is
stored in the norm of the geometric drift field.

This provides a Machian interpretation in which gravity is understood as a manifestation of
spacetime’s inertial structure rather than as an external force field.

Derivation of a Poisson-Type Structure

Define the potential in the Newtonian limit as

Φ =
1
2

WiWi, (147)

where spatial indices are raised and lowered with the Euclidean metric.
Taking the gradient,

∂iΦ = W j∂iWj = W j∂jWi, (148)

and the divergence,
∇2Φ = ∂i

(
W j∂jWi), (149)

gives, after applying the product rule,

∇2Φ = (∂iW j)(∂jWi) + W j∂j(∂iWi). (150)

In the Newtonian limit, define the spatial torsion trace as

TN
0 = ∂iWi. (151)

The Poisson-type structure then becomes

∇2Φ = (∂iW j)(∂jWi) + W j∂jTN
0 . (152)
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For the configuration Wi = αxi, the classical Newtonian Poisson equation is recovered (see
Appendix-XI).

In the most general case, the structure is preserved, with additional cosmological contributions:

∇2Φ =
[
(∂iW j)(∂jWi) + W j∂j(∂iWi)

]
+ 3

ȧ − b
a

[
3

ȧ − b
a

+ 2∂iWi
]

. (153)

5.1.3. Kottler (Schwarzschild–de Sitter) Limit in the GDV Tetrad

The previous sections focused on an isotropically expanding background. For the solar–system
regime, where local gravitational fields dominate over cosmic expansion, a different approximation is
appropriate. Here we construct a geometric drift–adapted tetrad that reproduces the Schwarzschild
geometry of a static, spherically symmetric mass. Since TEGR is dynamically equivalent to GR, this
immediately implies that all classical tests of GR, including Mercury’s perihelion shift, are recovered.

In the current theory the field equation, which reduces to the Schwarzschild equation under the
limit

a(t) → 1, H → 0, b(t) → 0, (154)

together with

Wr(r) = −
√

2GM
r

, Wθ = Wϕ = 0, (155)

since βZa
ν → 0 in this limit. The metric tensor given already assumes Wθ = Wϕ = 0.

Painlevé–Gullstrand coordinates as a geometric drift picture

The Schwarzschild line element in standard coordinates (ts, r, θ, ϕ) is

ds2 = −
(

1 − 2GM
r

)
dt2

s +

(
1 − 2GM

r

)−1
dr2 + r2(dθ2 + sin2 θ dϕ2). (156)

In these coordinates the metric is diagonal but the spatial slices are curved. It is often convenient
to perform a time redefinition to a coordinate system adapted to freely falling observers.

Define a new time coordinate t by

dts = dt −
√

2GM/r
1 − 2GM/r

dr. (157)

Substituting this into the Schwarzschild metric and simplifying, one obtains the Painlevé–
Gullstrand (PG) form:

ds2 = −
(

1 − 2GM
r

)
dt2 + 2

√
2GM

r
dt dr + dr2 + r2dΩ2, (158)

where
dΩ2 = dθ2 + sin2 θ dϕ2. (159)

This can be written suggestively as

ds2 = −dt2 + (dr + v(r) dt)2 + r2dΩ2, (160)

with

v(r) = −
√

2GM
r

. (161)
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Thus the metric takes the form of flat Minkowski time plus spatial line elements shifted by a
radial geometric drift velocity v(r). One may interpret this as space geometrically drifting radially
inward towards the central mass with speed |v(r)| =

√
2GM/r.

Geometric drift–adapted tetrad for Schwarzschild

We now construct a tetrad of exactly the same structural form as the cosmological geometric drift
tetrad, but adapted to the Schwarzschild Painlevé–Gullstrand metric. Consider

e0 = dt, e1 = dr + v(r)dt, e2 = r dθ, e3 = r sin θ dϕ, (162)

with Minkowski metric ηab = diag(−1, 1, 1, 1).
Then

ds2 = ηabeaeb (163)

= −(e0)2 + (e1)2 + (e2)2 + (e3)2 (164)

= −dt2 + (dr + vdt)2 + r2dΩ2 (165)

= −dt2 + dr2 + 2v dt dr + v2dt2 + r2dΩ2 (166)

= −(1 − v2)dt2 + 2v dt dr + dr2 + r2dΩ2. (167)

By the choice of Eq. (161) one has

1 − v2 = 1 − 2GM
r

, (168)

and the resulting line element coincides exactly with the PG form of the Schwarzschild metric. There-
fore the above tetrad is a geometric drift–adapted tetrad that reproduces the Schwarzschild geometry.

In terms of the general geometric drift tetrad this corresponds to the specialisation

a(t) = 1, Wr(r) = v(r) = −
√

2GM
r

, Wθ = Wϕ = 0, Wi
global = 0, (169)

i.e. pure local geometric drift in a static, non–expanding background. The geometric drift picture
therefore extends naturally from the cosmological regime to the solar–system regime.

5.2. Equivalence with General Relativity Tests

The Teleparallel Equivalent of General Relativity (TEGR) differs from the Einstein–Hilbert formu-
lation only by a total divergence term in the action. As a result, for any tetrad that reproduces a given
spacetime metric, the TEGR field equations are dynamically equivalent to the Einstein equations. Since
the geometric drift–adapted tetrad constructed in the previous section yields exactly the Schwarzschild
metric in the local vacuum limit, the field equations of the present framework coincide with those of
General Relativity for this solution.

In General Relativity, the trajectories of freely falling test particles are described by metric
geodesics determined by the Levi–Civita connection of the Schwarzschild spacetime. Within teleparal-
lel gravity, the same physical motion can be equivalently described either by these metric geodesics or
by an autoparallel equation containing an explicit torsion force term; the two formulations are related
through the contortion tensor. Because the underlying metric generated by the geometric drift–adapted
tetrad is identical to the Schwarzschild metric, the resulting spacetime geodesics coincide exactly with
those obtained in the standard Schwarzschild tetrad.
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Therefore, Solar System experiments, binary pulsar timing, Shapiro time delay measurements,
and perihelion precession tests remain fully consistent with the predictions of General Relativity within
the local limit of the GDV framework.

Consequently, all classical tests of General Relativity in the Solar System are reproduced with
identical numerical predictions. These include

• the perihelion GDVance of Mercury,
• the deflection of light by the Sun,
• the Shapiro time delay,
• gravitational redshift and time dilation,
• frame–dragging and gyroscope precession (when rotational degrees of freedom are included).

In particular, the well–known expression for the perihelion GDVance of a test particle in a bound,
non–circular orbit,

∆ϕGR =
6πGM

a(1 − ε2)
, (170)

with semi–major axis a and eccentricity ε, follows unchanged.
The recovery of these results ensures the viability of the GDV framework in both the weak–

and strong–field regimes relevant to Solar System observations. At the same time, this equivalence
holds specifically in the local vacuum limit where the torsion trace vanishes and the quadratic trace
contribution becomes dynamically inert. Deviations from General Relativity are therefore not expected
at Solar System scales, but may arise at galactic and cosmological scales where the torsion trace is
non–vanishing and the geometric drift sector becomes dynamically relevant.

Since all classical Solar System tests are governed by the post-Newtonian expansion of the
gravitational field, it is instructive to explicitly state the corresponding post-Newtonian limit of the
GDV framework.

Local PPN Consistency: In the static, spherically symmetric local limit, the drift profile reduces
to the Painlevé–Gullstrand (PG) form,

ds2 = −(c2 − W2(r))dt2 − 2W(r) dt dr + dr2 + r2dΩ2. (171)

In the static, spherically symmetric vacuum limit, the drift profile reduces to the Painlevé–Gullstrand
form where the off-diagonal term g0r is removable by a time redefinition, so the local solution is exactly
Schwarzschild and Solar System tests remain identical to General Relativity. By the time redefinition

tS = t +
∫ W(r)

c2 − W2(r)
dr, (172)

the metric is brought to the standard Schwarzschild form. Hence, in the vacuum local limit where the
GDV sector decouples, the solution is exactly Schwarzschild.

Expanding the Schwarzschild metric in isotropic coordinates for U = GM/(c2ρ) ≪ 1 yields

g00 = −1 + 2U − 2U2 +O(U3), gij = (1 + 2U)δij +O(U2), (173)

from which the Parametrized Post–Newtonian (PPN) parameters are read as

γ = 1, β = 1. (174)

Since the quadratic torsion–trace contribution vanishes in the static vacuum limit (or contributes
only at higher cosmological order), no deviation from the standard PPN values arises in Solar System
tests.
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5.3. Critical Radius

The concept of a critical radius characterizes the scale at which local gravitational attraction
competes with the effective acceleration induced by cosmic expansion. In the present framework, this
competition arises naturally from the interplay between local Newtonian gravity and the large–scale
geometric drift of spacetime [14,15].

We parametrize the total radial acceleration of a test body as the sum

R̈ = alocal(R) + acosmic(R), (175)

where

alocal(R) = −GM
R2 , acosmic(R) =

Ẍ
X

R. (176)

Here X(t) denotes an effective scale factor encoding the influence of the cosmological background
on local dynamics. Importantly, X(t) does not represent a modification of the spacetime metric itself,
but rather an effective parametrization of the background expansion as perceived by local geodesic
motion.

Table 1. Comparison of post-Newtonian parameters and torsion trace in General Relativity and the GDV
framework in the local (static vacuum) limit.

Quantity GR GDV (Local Limit)

PPN parameter γ 1 1
PPN parameter β 1 1
Torsion trace Tµ 0 0

As such, this decomposition preserves the underlying metric structure and does not introduce
additional degrees of freedom at the level of the field equations.

In a pure FLRW universe without geometric drift, one has X(t) = a(t) and

Ẍ
X

∣∣∣∣
FLRW

= ḢFLRW + H2
FLRW. (177)

When the geometric drift is present, the effective expansion rate receives additional contributions. This
yields

Ẍ
X

=
Ẍ
X

∣∣∣∣
FLRW

+
b2

a2 − HFLRW
b
a
− ḃ

a
. (178)

This expression demonstrates that, within the GDV framework, the cosmic acceleration governing local
dynamics is not fixed by a single constant (such as a cosmological constant), but instead represents a
dynamical quantity controlled by the drift parameter b(t) and its time evolution.

The critical radius R∗ is defined as the scale at which the total radial acceleration vanishes,

R̈ = 0 ⇒ GM
R2∗

=
Ẍ
X

R∗. (179)

Solving for R∗ gives

R3
∗ =

GM
Ẍ/X

. (180)

In the special case where Ẍ/X is constant, this result reduces to the familiar de Sitter expression,

R∗ =

(
3GM

Λ

)1/3
, (181)
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or equivalently,

R∗ =

(
GM
ä/a

)1/3
. (182)

The recovery of this form confirms the consistency of the GDV framework with standard cosmology
in the appropriate limit. However, unlike the de Sitter case, the GDV expression implies that the
critical radius is generically time-dependent, reflecting the dynamical nature of the geometric drift
contribution.

For the Solar System, the quantity Ẍ/X is many orders of magnitude smaller than the local
Newtonian term GM/R3, ensuring that the critical radius lies far beyond observationally relevant
scales. As a result, local dynamics remain effectively Newtonian and fully consistent with high–
precision Solar System tests.

At galactic scales, where characteristic accelerations fall below ∼ 10−10 m s−2, the GDV corrections
encoded in the effective expansion rate become comparable to the local gravitational field. In this
regime, the critical radius typically occurs at distances of order tens of kiloparsecs, coinciding with the
radial range in which flat rotation curves are observed.

The critical radius therefore provides a natural scale separating the Solar–System regime, where
geometric drift effects are parametrically suppressed, from galactic and larger scales, where they
become dynamically relevant. This scale–dependent behavior plays a central role in the unified
interpretation of local gravity and large–scale dynamics within the GDV framework.

5.4. Gravitational Waves: Speed and Polarizations

To test consistency with multimessenger constraints, we consider tensor perturbations around
Minkowski space. We expand the tetrad as

ea
µ = δa

µ + ϵa
µ, gµν = ηµν + hµν, (183)

and specialize to transverse–traceless (TT) gravitational waves,

h00 = h0i = 0, ∂ihij = 0, hi
i = 0, hij = hTT

ij . (184)

We take the background observer field as uµ = (1, 0, 0, 0), so that

Tµuµ = T0, Tµ ≡ Tν
νµ. (185)

In the TT sector one finds that the torsion trace has no linear contribution,

T0 = O(h2), (186)

since it depends only on trace and longitudinal combinations (e.g. ∂0hi
i and ∂ihi0) which vanish

identically in TT gauge. Consequently, the quadratic action for tensor modes receives no contribution
from the GDV term,

β(Tµuµ)2 = β T2
0 = O(h4), (187)

and the tensor dynamics is governed solely by the TEGR part, which is equivalent to General Relativity
at quadratic order.

Therefore the TT modes satisfy the standard wave equation

ḧTT
ij − c2∇2hTT

ij = 0, (188)

implying
cT = c, (189)

with only the two GR tensor polarizations and no dispersion in the local (Minkowski) limit.
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5.4.1. Tensor Modes on FLRW and GW Speed

We consider TT tensor perturbations on FLRW, ds2 = −dt2 + a2(δij + hTT
ij )dxidxj with ∂ihTT

ij = 0

and hi
i = 0. Using the tetrad ea

i = a(δa
i +

1
2 ha

i) one finds

|e| = a3
(

1 +
1
4

hijhij

)
+O(h3), Tµuµ = T0 = 3H +

1
4

hij ḣij +O(h3). (190)

Expanding β|e|(T0)
2 to quadratic order and integrating by parts yields

δ(2)SGDV = −
∫

d4x a3
(

3β

4
Ḣ
)

hijhij, (191)

which generates no (ḣ)2 or (∂h)2 terms. Therefore the quadratic tensor action is

S(2)
tensor =

1
8κ

∫
d4x a3

[
ḣ2

ij −
1
a2 (∂khij)

2 − m2
Th2

ij

]
, m2

T = 6κβḢ, (192)

implying c2
T = 1 and only the standard GR friction term 3H. (Please see Appendix XV)

5.4.2. Order-of-Magnitude Impact in the LIGO/Virgo/KAGRA Band

The additional term in the tensor equation can be written as an effective mass scale m2
T ∝ Ḣ, hence

|m2
T | ∼ O(|β|H2) during late-time propagation. Using H0 ∼ 2 × 10−18 s−1 and the observational band

ω ∼ 2π f ∼ 102–103 s−1, one finds the fractional dispersion correction

m2
T

ω2 ∼ |β|
(

H0

ω

)2
≲ |β| × 10−40 , (193)

so that the phase and group-velocity modifications are completely negligible for any β of order
unity (and remain tiny even for extremely large β). Therefore, the GW170817 speed constraint is
automatically satisfied, since c2

T = 1 and the remaining Ḣ–suppressed term cannot affect ground-based
interferometer signals.

6. Cosmological Implications of the Geometric Drift
In the present framework, the gravitational sector is governed by the action

Sgrav =
1

2κ

∫
d4x |e|

(
T + β T2

0

)
, (194)

written in the comoving frame where the observer four-velocity satisfies uµ = (1, 0, 0, 0). It is impor-
tant to emphasize at the outset that the additional term proportional to T2

0 does not introduce new
fundamental matter degrees of freedom, but represents a purely geometric correction associated with
the torsion trace of the drift-adapted teleparallel frame.

For a homogeneous and isotropic cosmological background, the spacetime geometry is described
by the FLRW line element

ds2 = −dt2 + a(t)2δijdxidxj. (195)

Within the GDV tetrad construction, the cosmological background is obtained by setting the local
drift contribution to zero, Wlocal = 0, such that Wadapt = Wglobal. In this limit only cosmic-scale effects
remain, allowing the geometric corrections induced by torsion to be consistently encoded into effective
background quantities. In the FLRW limit of teleparallel gravity, the torsion scalar reduces to

TFLRW = −6H2, H ≡ ȧ
a

, Heff ≡ H − b
a

. (196)
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Under isotropy, the background contribution of the GDV sector enters exclusively through the
scalar torsion trace,

T(bg)
0 = 3Heff, (197)

which effectively measures the deviation of the local expansion from the global drift-modified Hubble
flow. Consequently, the background gravitational Lagrangian density becomes (Please see Appendix-
XII)

L(bg)
grav =

a3

2κ

(
−6H2 + 9βH2

eff

)
. (198)

Variation of this background action leads to Friedmann-like equations in which the GDV contri-
bution can be interpreted as an effective geometric fluid. This procedure follows a well-established
strategy in modified gravity theories, where purely geometric corrections are recast into effective
energy-momentum components in order to facilitate comparison with standard cosmological models.
The first Friedmann equation may be written schematically as

−3H2 ≃ κ(pm + pGDV), (199)

where ρm and pm denote the standard matter density and pressure, while ρGDV and pGDV encode the
effective contribution arising from the quadratic torsion-trace term.

Now let us examine matter density and pressure in detail. If matter is minimally coupled, that is
if the matter Lagrangian has no direct dependence on the drift field apart from its dependence via the
tetrad/metric, then

∇µTµν = 0. (200)

This yields the standard continuity equation on an FLRW background.

ρ̇m + 3H(ρm + pm) = 0 (201)

Let us define Q as a term parameterizing the effective energy transfer between the drift sector and
matter. Then we may consider two different scenarios:

Q = 0 or Q ̸= 0. (202)

These scenarios reflect on time evolutions of densities as below:

ρ̇gdv + 3H
(

ρgdv + pgdv

)
= 0 (Q = 0)

ρ̇m + 3H(ρm + pm) = Q ρ̇gdv + 3H
(

ρgdv + pgdv

)
= −Q (Q ̸= 0)

(203)

Now let us define

y(t) =
b(t)
a(t)

(204)

and consider time derivative of both hand sides of Eq. (A191) continuity equation for Q = 0.
Then we get (please see Appendix-XII):

ẏ =
HḢ+ 3

2 H(H2−y2)+ κ
6β H pgdv

y

ḃ = aẏ + Hay
(205)

Again in Appendix-XII exact expressions of ρGDV and pGDV are given. Moreover, it is shown that
for slowly varying Heff, variation of the βT2

0 sector yields the approximate expressions

ρGDV ≃ 9β

2κ

(
H2 − b2

a2

)
, κ = 8πG, (206)
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pGDV ≃ −3β

2κ

(
H − b

a

)2
, (207)

where higher-order corrections involving time derivatives of Heff have been neglected (quasi-static
limit). These expressions indicate that the GDV sector generates a negative effective pressure at
the background level. While the quasi-static limit corresponds to an equation-of-state parameter
close to wGDV ≃ −1/3, the inclusion of the full time dependence of Heff introduces additional
dynamical contributions that naturally drive the effective equation of state toward wGDV ≈ −1. In
this sense, the GDV contribution exhibits a dark energy-like behavior without the introduction of an
explicit cosmological constant, and the associated violation of the strong energy condition should be
understood as a manifestation of geometric backreaction rather than a physical instability of the matter
sector.

The second Friedmann equation takes the form

ä
a

∣∣∣∣
eff

= −4πG
3

(ρ + 3p), (208)

demonstrating explicitly how the effective GDV pressure modifies the cosmic acceleration. The combi-
nation ρGDV + 3pGDV becomes slightly negative, producing a small but nonzero positive acceleration ä
consistent with late-time cosmological observations.

The analysis presented in this subsection is restricted to the homogeneous and isotropic limit,
which captures the large-scale, dark energy–like behavior of the model. Spatial gradients of the drift
field, neglected at the background level, generate additional attractive contributions at smaller scales.
These effects will be shown in the following subsection to lead to dark matter–like phenomenology
within the same underlying geometric framework.

Finally, issues related to the coincidence problem—namely why the onset of cosmic acceleration
occurs at the present epoch—are not addressed at the level of the background equations.

This question is inherently dynamical and model-dependent, and will be discussed separately in
the Discussion section, where the evolution of the drift parameter b(t) and its interplay with cosmic
expansion are analyzed in detail.

6.1. Static Limit and Galactic Velocity Profiles

In the static and weak-field limit relevant for galactic dynamics, we consider a spherically sym-
metric configuration. Under this symmetry, it is natural to assume an isotropic local drift vector of the
form

W⃗local = ζr(r) r̂, (209)

where ζr(r)r̂ = ∇ξ(r) ensures the absence of vorticity. The divergence of the drift field then becomes

∇ · W⃗local =
1
r2

d
dr

(
r2ζr(r)

)
. (210)

In the static limit, the field equations reduce to a Poisson-type relation, in which the divergence of
the drift field sources an effective mass density,

1
r2

d
dr

(
r2ζr(r)

)
= −4πG ρeff(r). (211)

This relation follows directly from the a = ν = 0 component of the modified field equations in the
spherically symmetric limit, where the torsion-trace contribution acts as an effective geometric source.

In the outer regions of a galaxy, the baryonic density ρbar(r) rapidly decreases and may be
neglected. In this regime the effective density is dominated by the GDV contribution, ρeff(r) ≃ ρGDV(r),
and reduces to

1
r2

d
dr

(
r2ζr(r)

)
= −4πG ρGDV(r). (212)
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Motivated by both observationally inferred dark matter halo profiles and by the scale-invariant
nature of the outer galactic regions, it is natural to assume that the effective geometric density asymp-
totically scales as

ρGDV(r) =
C0

r2 , (213)

for sufficiently large r. Substituting this form into Eq. (212) yields

1
r2

d
dr

(
r2ζr(r)

)
= − C

r2 , (214)

where C = 4πGC0 encodes the strength of the geometric drift sourcing.
Integrating once gives

d
dr

(
r2ζr(r)

)
= C ⇒ r2ζr(r) = Cr + const. (215)

In the asymptotic galactic region the integration constant may be neglected, leading to

ζr(r) ≃
C
r

. (216)

Within the GDV framework, test-particle motion follows drift-adapted autoparallels. In the
Newtonian limit this implies that the radial acceleration is directly given by the local drift profile,

r̈ = gr(r) = ζr(r), (217)

in agreement with the inertial-motion condition discussed in Sec. 2.3. For circular orbits, the balance
between centripetal acceleration and radial drift yields

v2(r)
r

= ζr(r), (218)

which immediately gives
v2(r) = r ζr(r) = C. (219)

Hence, the orbital velocity approaches a constant value, (Please see Appendix XIII)

v(r) ≃
√
|C|, (220)

reproducing the observed flat rotation curves of spiral galaxies.
This result is formally identical to the prediction of Newtonian gravity with an isothermal dark

matter halo characterized by ρ ∝ r−2. In the present model, however, ρGDV does not correspond to
a distribution of physical matter. Instead, it represents a geometric backreaction arising from the
drift-modified torsion trace, encoded in the vector field W⃗.

On cosmological scales, the same GDV term generates an effective dark energy–like component
with w ≃ −1, while on galactic scales the asymptotic behavior ρGDV(r) ∝ r−2 leads to ζr(r) ∝ r−1 and
flat rotation curves. The GDV framework therefore provides a unified geometric description of both
dark energy and galactic rotation curves through the drift field W. A complementary discussion of the
cosmological interpretation is given in Discussion Section.

One of the most striking phenomenological manifestations of dark matter and dark energy is
found in galactic rotation curves. Accordingly, the next subsection is devoted to a more detailed
analysis of these profiles within the present geometric framework.
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6.2. Derivation of the Unified GDV Rotation Curve Formula

In the Newtonian limit of the GDV framework, the observed galactic rotation curve is jointly
determined by the baryonic gravitational field and the geometric contribution induced by the drift-
adapted torsion sector. The resulting unified dynamical relation can be written as [17]

v4(r) =
(

GMb(r)
r

)2

+ Ga0Mtot
b , (221)

where Mb(r) denotes the enclosed baryonic mass within radius r, Mtot
b is the total baryonic mass of the

galaxy, and a0 is the characteristic GDV acceleration scale. The quartic structure reflects the nonlinear
coupling inherent in the GDV field equations, corresponding to an additive contribution at the level of
effective energy densities rather than a direct superposition of forces.

The first term reproduces the standard Newtonian contribution,

v2
N(r) =

GMb(r)
r

, (222)

which dominates in the inner regions of galaxies. The second term arises from the GDV sector through
the effective mass generated by the vacuum–torsion energy density associated with the drift field. In
the deep-GDV regime, where the geometric contribution dominates, the rotation curve approaches the
asymptotic scaling

v4
flat = Ga0Mtot

b , (223)

which reproduces the baryonic Tully–Fisher relation as an exact prediction of the model, without the
introduction of phenomenological interpolation functions.

6.2.1. Relation Between a0 and the GDV Parameter β

The GDV vacuum energy density, arising from the quadratic torsion-trace term in the gravitational
action, can be identified with an effective gravitational energy density. In natural units, this may be
written as [20,21]

ρGDV ∼
a2

0
κ

, κ = 8πG, (224)

where the relation expresses the gravitational equivalence of the GDV vacuum sector rather than
introducing a new matter component. Equating this effective density with the vacuum energy density
generated by the βT2

0 contribution yields the fundamental relation by inserting Eq. (206) into (224)

a0 =
3√
2

√
β
√

H2 − (b/a)2. (225)

Equation (225) demonstrates that the characteristic acceleration scale a0 is not a phenomenological
fitting parameter, in contrast to MOND-like approaches, but a derived cosmological quantity. It is
determined by the global–local expansion mismatch encoded in the Hubble rate H and the drift
parameter b(t). Cosmological consistency requires H2 > (b/a)2, a condition naturally satisfied
during late-time expansion. Substituting present-day values of H yields an acceleration scale of order
a0 ∼ 10−10 m s−2, in quantitative agreement with observed galactic rotation curves.

Taken together show that the GDV framework provides a unified geometric description in which
the same torsion-induced drift field accounts for both the flat rotation curves of galaxies and the
emergence of an acceleration scale linked to the cosmological background.

While the present subsection focuses on the static and spherically symmetric limit, the broader
cosmological implications of the dynamical evolution of a0 and its connection to cosmic acceleration
are discussed in the subsequent sections.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2026 doi:10.20944/preprints202512.1361.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1361.v2
http://creativecommons.org/licenses/by/4.0/


38 of 66

6.3. Data and Analysis on Galaxy Rotation

We performed a comprehensive analysis of the SPARC galaxy sample [16] using the rotation-curve
model. The SPARC database provides near-infrared photometry at 3.6µm and high-quality rotation
curves for 175 disk galaxies.

The model predicts the total circular velocity by Eq. (221) where a0 is treated as a single universal
parameter. We performed a global χ2 minimization over all 3142 data points, fitting a single common
a0 for the entire galaxy sample

χ2(a0) = ∑
g

∑
i

[Vobs(Ri)− Vmodel(Ri; a0)]
2

σ2
i

. (226)

where g and i denote considered disk galaxy and each observed data of the related galaxy, respectively.
The best-fit value obtained is

a0 = (1.101)× 10−10 m s−2, (227)

where the uncertainty corresponds to ∆χ2 = 1.
Independently, using the asymptotic Baryonic Tully Fisher Relation (BTFR)

V4
flat = Ga0Mb, (228)

we obtained a median value aBTFR
0 = 1.53 × 10−10 m s−2. The slight offset relative to the global fit is

expected, as the BTFR approach ignores the full radial structure of the rotation curves.

Figure 1. Baryonic Tully-Fisher Relation

6.3.1. Cosmological Interpretation

Using the GDV cosmological relation between a0 and β, we obtain

β ≃ 5.8 × 10−3. (229)
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These results demonstrate that the GDV model provides a priori quantitative predictions in
agreement with galactic rotation curves, without invoking dark matter halos or empirical fitting
functions.

Figure 2. Galaxy Rotation Curves of NGC3521 and UGC06917

Figure 3. Galaxy Rotation Curves of NGC5005 and UGC07690

6.4. Comparison with MOND and ΛCDM

Both GDV and MOND reproduce the baryonic Tully–Fisher relation,

v4 ∝ Mb, (230)

in the deep modified regime. However, GDV fundamentally differs the acceleration scale a0 from
cosmological vacuum dynamics, whereas deep MOND treats a0 as an empirical universal constant
without microphysical origin.

In the standard ΛCDM model,

v2(r) =
G
(

Mb(r) + MDM(r)
)

r
, (231)

requiring massive and highly fine-tuned dark matter halos, especially in ultra-diffuse and isolated
dwarf galaxies. By contrast, the GDV model requires no dark matter. It is able to predicts galaxy
rotation curves using a single cosmologically derived parameter a0. It naturally explains the dynamics
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of isolated UDGs without excessive halo masses. Finally, GDV introduces a well-defined environmental
dependence through b(t).

The GDV rotation curve model possesses the following fundamental GDVantages. a0 is a derived
cosmological quantity, not a phenomenological fit. The baryonic Tully–Fisher relation is kept as
an exact theoretical consequence. The model establishes a direct link between cosmic expansion,
torsion-driven vacuum dynamics, and galactic rotations.

These results establish the GDV framework as a predictive, and cosmologically grounded alterna-
tive to both MOND and the ΛCDM paradigm.

7. Discussion
7.1. The Coincidence Problem as a Geometric Phase Transition

A persistent conceptual challenge in modern cosmology is the so–called cosmic coincidence problem,
namely the question of why the energy densities associated with matter and late–time acceleration are
of the same order of magnitude at the present epoch. Within the standard ΛCDM framework, this
near equality appears accidental: while the matter density scales as ρm ∝ a−3, the dark energy density
is introduced as an external constant, ρΛ = const. The present–day balance therefore requires a fine
tuning of the initial value of Λ, with no internal mechanism selecting the epoch at which ρm ∼ ρΛ.

In the GDV framework, the coincidence problem admits a qualitatively different interpretation.
The drift–induced contribution does not constitute an independent fluid component competing with
matter in the cosmic energy budget. Instead, it arises as a geometric response of spacetime itself,
generated by the torsion–trace sector of the action. As shown explicitly in Section 3, the associated
energy density is a variational consequence of the quadratic torsion–trace term and is functionally tied
to the expansion history through H(t) and a(t), rather than being specified by an external constant.

More precisely, the GDV contribution scales with the square of the effective expansion rate,
ρGDV ∝ H2

eff. As a result, the ratio ρGDV/ρm is not freely adjustable, but is governed by the dynamical
evolution of the Hubble parameter. At early times, when H is large and the expansion is dominated by
the homogeneous background, the geometric drift contribution is parametrically suppressed relative
to matter. At late times, as the expansion rate decreases and the universe enters the low–acceleration
regime, the torsion–trace response becomes increasingly relevant. The near equality ρGDV ∼ ρm

therefore signals a transition in the geometric regime of the manifold rather than a stochastic alignment
of unrelated components.

From this viewpoint, the coincidence problem is reformulated as a geometric phase transition.
The epoch at which the drift contribution becomes dynamically important is set by the evolution
of H(t) itself, rather than by an externally tuned energy scale. Unlike ΛCDM, where the onset of
acceleration is fixed by the value of a constant vacuum energy, the GDV framework ties the emergence
of late–time acceleration directly to the expansion history of the universe. The coincidence is thus not
eliminated by fine tuning, but rendered inevitable by the structure of the theory.

This geometric reinterpretation also clarifies the Machian aspect of the model. While the present
framework does not require a time–varying gravitational constant, it naturally allows for an interpre-
tation in which the effective strength of gravity reflects the global geometric state of spacetime. Any
such modulation is strongly suppressed at early times and in high– density environments, ensuring
consistency with primordial nucleosynthesis and Solar System tests. At late times and on large scales,
however, the same geometric coupling underlies the emergence of both drift–induced acceleration and
the observed coincidence.

In this sense, the cosmic coincidence ceases to be a fine–tuning problem and instead becomes a
diagnostic of the transition between geometrically distinct expansion regimes. The balance observed
today is not accidental, but a direct manifestation of the torsion–driven response of spacetime to its
own expansion history.
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7.2. On the Interpretation of G

In Newtonian mechanics, the gravitational interaction is characterized by the universal Cavendish
constant G. General Relativity preserves this role by introducing G as the coupling constant between
spacetime geometry and the energy–momentum tensor in the Einstein field equations.

In a homogeneous and isotropic FLRW background, the cosmic acceleration is governed by [19]

ä
a
= −4πG

3 ∑
i

ρi(1 + 3wi), (232)

which explicitly relates the expansion dynamics of the Universe to the gravitational coupling and the
total energy content. This equation shows that, within standard cosmology, the large–scale dynamics
of spacetime are controlled by the same constant G that governs local gravitational interactions.

Within a generalized Machian perspective, however, the strength of local gravity need not be
viewed as an entirely fundamental input. Instead, it may be regarded as an effective coupling emerging
from the global inertial state of the Universe. In this interpretation, the distribution of matter and
the kinematic state of the manifold influence how strongly local systems respond to gravity, without
requiring any modification of the local field equations.

This viewpoint can be illustrated by considering two hypothetical universes with identical
expansion histories a(t) but different total mass densities. If the cosmic acceleration ä is fixed, a larger
background density requires a smaller effective coupling in the acceleration equation. This does
not imply that the locally measured Cavendish constant varies in time or space, but rather that the
effective gravitational response of local systems is screened by the global inertial background. Such a
mechanism may be described as a Machian screening of gravity.

Unlike scalar–tensor theories such as Brans–Dicke gravity, where the variation of G is governed
by an independent scalar field, the present framework does not promote G itself to a dynamical degree
of freedom. Instead, any apparent modulation of the gravitational coupling arises indirectly through
the geometric drift sector, encoded in the torsion–trace contribution of the GDV tetrad. In the local
Solar–System limit, where the drift parameter satisfies b → 0 and a → 1, the standard value of G is
recovered exactly, ensuring consistency with high–precision gravitational experiments.

At cosmological scales, the situation is qualitatively different. The presence of a nonvanishing
torsion trace modifies the effective acceleration governing large–scale dynamics, leading to deviations
from the standard Friedmann behavior. In this sense, the GDV framework allows the gravitational
interaction to appear stronger or weaker depending on the global expansion state of the Universe,
without violating local conservation laws or introducing new fundamental constants.

It is important to emphasize that a contracting universe (ä < 0) does not imply a repulsive
gravitational interaction within the present framework. Rather, any effective repulsive behavior
must arise from the geometric contributions associated with the torsion trace, corresponding to
ρeff + 3peff < 0 in the effective description. This distinction is crucial for maintaining consistency with
the standard interpretation of the Friedmann equations.

Overall, the GDV framework suggests a deeper connection between inertia, global matter dis-
tribution, and the effective strength of gravity. While G remains a constant parameter at the level of
local physics, its cosmological role may be understood as emergent, reflecting the dynamical state of
spacetime itself.

7.3. On the Interpretation of Inertia

Newton thought that falling bodies are under the influence of a gravitational force, and therefore
considered this motion to be an accelerated/forced motion (that is, he believed that bodies are genuinely
being pulled). However, in the thought experiment that Einstein called “The happiest thought of my
life was: that the observer in free fall does not feel his own weight, (Der glücklichste Gedanke meines
Lebens war: dass der Beobachter im freien Fall sein eigenes Gewicht nicht spürt)”. He realized that bodies
falling toward the ground actually fall without feeling any force. From this, the following conclusion
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can be drawn from Einstein’s general relativity: in reality, bodies are not falling; rather, the observer
on the ground is accelerating toward them, and therefore measures their motion as accelerated. (For
example, according to Newton, all circular motions are accelerated; therefore, all bodies in orbit are
non-inertial. According to Einstein, however, if the geodesics of spacetime are elliptical and a body
travels along these elliptical curves, then that body is inertial.) From this interpretation, a connection
can be established between gravitation and acceleration. However, Einstein first employed Riemannian
geometry in doing so. In this framework, large masses cause geometric curvatures that cannot be
neglected. Yet in the equivalence principle, Einstein believed that gravitation and acceleration were
intrinsically connected in origin, and at times he even thought of them as identical. Nevertheless,
realizing that gravity bends spacetime in a Riemannian sense, whereas acceleration does not bend real
spacetime and is instead a “coordinate effect,” bothered Einstein at the level of principle. While trying
to unify these two quantities, Einstein ended up completely separating them. In our approach, by
contrast, acceleration and gravitation arise from a single fundamental origin. In one case, we accelerate;
in the other, we experience compatibility or incompatibility with the dynamics of the universe. In fact,
all of this has a single origin: inertia.

8. Conclusion
In this work, we have developed a drift-adapted tetrad formulation within teleparallel gravity

in which gravitational effects are described in terms of the inertial (kinematic) structure of spacetime.
Within this framework, both local gravitational phenomena and large-scale cosmological dynamics
originate from a common geometric ingredient — the spatial drift field Wi.

The key element of the construction is the inertial structure defined by a natural congruence.
Deviations between an observer frame and this structure give rise to effective force terms. The drift-
tetrad formulation encodes this relation covariantly through the torsion trace. The theory preserves
full diffeomorphism invariance and local Lorentz covariance; the torsion trace and the scalars derived
from it are geometrically well-defined quantities rather than coordinate artifacts.

The drift field admits a natural decomposition into global and local components. The global sector
governs homogeneous cosmic expansion, while the local sector captures matter-induced deviations. In
this way, cosmic acceleration and galactic-scale modifications arise within a single geometric ansatz,
without introducing additional dark degrees of freedom.

The central quantity entering the quadratic sector of the action is the projection of the torsion
trace along the natural observer congruence,

S = Tµuµ. (233)

This scalar measures the difference between the metric expansion rate and the drift expansion rate.
Its quadratic contribution generates effective energy density and pressure terms. The Hamiltonian
constraint analysis indicates that the GDV sector does not introduce additional propagating degrees of
freedom beyond those of teleparallel gravity.

At the cosmological level, the torsion-trace contribution behaves as an effective geometric fluid.
In the quasi-static regime it resembles a curvature-like term, while the full dynamical evolution admits
late-time accelerated solutions without an explicit cosmological constant. The corresponding energy
scale is determined by the drift parameters, providing a geometrically controlled mechanism for
accelerated expansion.

At galactic scales, the local drift contribution leads to an effective density profile

ρGDV ∝ r−2, (234)

which produces asymptotically flat rotation curves and reproduces the Baryonic Tully–Fisher scaling
relation. The associated acceleration scale a0 is determined by cosmological drift parameters rather
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than by an empirical interpolation function. In this sense, MOND-like behavior arises as a regime of
the underlying torsion-based dynamics.

The theory remains consistent with high-precision local tests. In the static vacuum limit b → 0, the
Schwarzschild solution is recovered together with the standard post-Newtonian parameters γ = β = 1
and vanishing torsion trace. Tensor perturbations propagate at luminal speed and no additional
polarizations appear, ensuring compatibility with gravitational-wave constraints. The model therefore
exhibits consistent behavior at Solar-System, galactic, and cosmological scales.

Conceptually, the formulation relates gravitational effects to the inertial structure encoded in the
drift field. Rather than introducing separate dark components, the framework provides a covariant
geometric extension of teleparallel gravity in which cosmological acceleration and galactic-scale
modifications originate from the same torsion-trace sector.

Further detailed confrontation with cosmological and astrophysical data will determine the
quantitative viability of this scenario.

Acknowledgments: Authors are thankful to Naz Eylül TEKİN for useful discussions and contributions on
Cosmological Implications of the Geometric Drift Vector.

Appendix-I: Homogeneity of the Drift Field
Consider the homogeneous drift field

Wi = b(t) xi. (A1)

Under a spatial translation
xi → xi + ϵi, (A2)

the drift field transforms as
Wi → Wi + b(t) ϵi. (A3)

The nonvanishing torsion components for the tetrad ansatz e0 = c dt, ei = a(t) dxi + Widt given
by Eq. (52):

Ti
0j =

1
a

(
ȧ δi

j − ∂jWi
)

. (A4)

For Wi = b(t)xi one finds
∂jWi = b(t) δi

j, (A5)

and therefore
Ti

0j =
1
a
(
ȧ − b(t)

)
δi

j. (A6)

Hence,
∂kTi

0j = 0, (A7)

and the torsion tensor is spatially homogeneous.

Appendix-II: Explicit Proof of the Physicality of W i

A. Under Weitzenböck Gauge

Consider the tetrad
ei = a(t) dxi + Wi(t, x) dt. (A8)

In the Weitzenböck gauge (ωi
j = 0),

Ti = dei. (A9)

Compute
dei = d(adxi) + d(Widt). (A10)
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Since
d(adxi) = ȧ dt ∧ dxi, (A11)

and
d(Widt) = ∂jWi dxj ∧ dt, (A12)

we obtain
Ti = ȧ dt ∧ dxi + ∂jWi dxj ∧ dt. (A13)

Now apply
Wi → Wi + ∂tΛi. (A14)

Then
δTi = d

(
(∂tΛi)dt

)
= ∂j∂tΛi dxj ∧ dt. (A15)

For generic Λi(t, x),
∂j∂tΛi ̸= 0, (A16)

hence
δTi ̸= 0. (A17)

Therefore the shift is not a gauge symmetry in the Weitzenböck gauge.

B. Under Fully Covariant Teleparallel Formalism

In the covariant formulation,

Ta = dea + ωa
b ∧ eb, Ra

b(ω) = 0. (A18)

Under the same shift,
δei = (∂tΛi)dt, δωa

b = 0. (A19)

The torsion variation is
δTi = d(δei) + ωi

j ∧ δej. (A20)

Compute
d(δei) = ∂j∂tΛi dxj ∧ dt, (A21)

and
ωi

j ∧ δej = ωi
j ∧ (∂tΛjdt). (A22)

Thus,
δTi = ∂j∂tΛi dxj ∧ dt + ωi

j ∧ (∂tΛjdt). (A23)

Since the transformation
Wi → Wi + ∂tΛi (A24)

is not a local Lorentz transformation, there is no accompanying pure-gauge variation of ωa
b that

cancels δTa.
For generic Λi(t, x),

δTa ̸= 0. (A25)

Hence the shift is not a gauge symmetry in the covariant teleparallel formulation either. Therefore
Wi cannot be eliminated without changing torsion. It is not a gauge degree of freedom and represents
a physical geometric drift.
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Appendix-III: Derivation of the Metric and the Natural Congruence from the
Tetrad

The coframe (tetrad) ansatz employed throughout this work is given by Eq. (24) Spatial indices
are raised and lowered with the flat Euclidean metric δij, and Wi is defined as Wi = δijWj.

A.Derivation of the Metric

Using the Minkowski metric tensor

ηab = diag(−1, 1, 1, 1), (A26)

the spacetime metric is written as

ds2 = ηab eaeb = −(e0)2 + δijeiej. (A27)

Substituting the tetrad ansatz yields

ds2 = −c2dt2 + δij
(
a dxi + Widt

)(
a dxj + Wjdt

)
. (A28)

Written explicitly, this becomes

ds2 = −(c2 − W2)dt2 + 2a Wi dxidt + a2δij dxidxj, W2 := δijWiW j. (A29)

From this expression, the metric components can be read off as

gtt = −c2 + W2, gti = a Wi, gij = a2δij. (A30)

In ADM form, the corresponding lapse, shift, and spatial metric are identified as

N = c, Ni = aWi, γij = a2δij. (A31)

The inverse metric components are obtained by direct computation as

gtt = − 1
c2 , gti =

Wi

a c2 , gij =
1
a2 δij − WiW j

a2c2 . (A32)

B.Definition of the Natural Congruence

In order to perform the kinematical decomposition, a timelike congruence must be chosen. In this
work, the natural choice is the frame vector corresponding to the temporal leg of the tetrad,

uµ := e0
µ. (A33)

Given the coframe
e0 = c dt, ei = a dxi + Widt, (A34)

the dual frame vectors take the form

e0 =
1
c

(
∂t −

Wi

a
∂i

)
, ei =

1
a

∂i. (A35)

Accordingly, the components of the congruence are

uµ =

(
1
c

, −Wi

a c

)
. (A36)
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C.Normalization Check

To verify that the congruence is properly normalized, its covariant components are computed via

uµ = gµνuν. (A37)

For the temporal component, one finds

ut = gtt
1
c
+ gti

(
−Wi

a c

)
=

−c2 + W2

c
+ aWi

(
−Wi

a c

)
= − c2

c
= −c. (A38)

For the spatial components,

ui = git
1
c
+ gij

(
−W j

a c

)
=

aWi
c

+ a2δij

(
−W j

a c

)
= 0. (A39)

Thus,
uµ = (−c, 0, 0, 0), (A40)

which immediately implies
uµuµ = −1, (A41)

confirming the proper normalization.

D. Computation of Vorticity from the Tetrad

For the natural congruence uµ := e0
µ, one has

uµ =

(
1
c

,−Wi

a c

)
, uµ = gµνuν = (−c, 0, 0, 0), (A42)

and therefore
uµ = −c ∂µt. (A43)

The vorticity tensor is defined as

ωµν := hµ
αhν

β ∇[αuβ], hµν := gµν + uµuν. (A44)

Here,
∇[αuβ] = ∂[αuβ] − Γλ

[αβ]uλ. (A45)

For the Levi–Civita connection, Γλ
αβ = Γλ

βα, and hence

Γλ
[αβ] = 0. (A46)

Moreover, since uµ = −c ∂µt, one has

∂[αuβ] = −c ∂[α∂β]t = 0. (A47)
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It follows that
∇[αuβ] = 0 =⇒ ωµν = hµ

αhν
β ∇[αuβ] = 0. (A48)

E. Computation of Shear from the Tetrad

In this appendix, the coframe ansatz

e0 = c dt, ei = a(t) dxi + Wi(t, x) dt (A49)

is employed. From the previous appendices, one has

uµ =

(
1
c

,−Wi

a c

)
, uµ = (−c, 0, 0, 0), (A50)

and the tetrad determinant
e = det(ea

µ) = c a3. (A51)

The shear tensor is defined as

σµν := hµ
αhν

β ∇(αuβ) −
1
3

θ hµν, hµν := gµν + uµuν. (A52)

The expansion scalar expressed in terms of the tetrad is

θ := ∇µuµ =
1
e

∂µ(euµ), (A53)

which evaluates explicitly to

θ =
1

a c

(
3ȧ − ∂iWi

)
. (A54)

E.1 Computation of ∇(αuβ) (spatial components).

Since ui = 0, one finds

∇iuj = ∂iuj − Γλ
ijuλ = −Γt

ij ut = c Γt
ij. (A55)

Thus,
∇(iuj) = ∇iuj = c Γt

ij. (A56)

For the spatial shear components,

σij = hi
αhj

β∇(αuβ) −
1
3

θ hij = ∇(iuj) −
1
3

θ gij, (A57)

since ui = 0 implies hij = gij and hi
α = δi

α.
We now compute Γt

ij from the metric. Using

gtt = −c2 + W2, gti = aWi, gij = a2δij, (A58)

together with the inverse metric components

gtt = − 1
c2 , gtk =

Wk

a c2 , (A59)

one finds
Γt

ij =
1
2

gtλ(∂igjλ + ∂jgiλ − ∂λgij
)
. (A60)
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Explicitly,

Γt
ij =

1
2

[
gtt(∂igjt + ∂jgit − ∂tgij) + gtk(∂igjk + ∂jgik − ∂kgij)

]
. (A61)

Since gjk = a2δjk is spatially homogeneous,

∂igjk = 0 ⇒ (∂igjk + ∂jgik − ∂kgij) = 0, (A62)

and the gtk term vanishes identically. For the remaining terms,

∂igjt = a ∂iWj, ∂jgit = a ∂jWi, ∂tgij = 2aȧ δij. (A63)

Thus,

Γt
ij =

1
2

gtt
(

a ∂iWj + a ∂jWi − 2aȧ δij

)
= − 1

2c2

(
a ∂iWj + a ∂jWi − 2aȧ δij

)
. (A64)

Consequently,

∇(iuj) = c Γt
ij = − a

2c

(
∂iWj + ∂jWi − 2ȧ δij

)
. (A65)

Finally, using gij = a2δij and

θ =
1

a c
(3ȧ − ∂kWk), (A66)

one obtains

σij = − a
2c

(
∂iWj + ∂jWi − 2ȧ δij

)
− 1

3
1

a c
(3ȧ − ∂kWk) a2δij

= − a
2c
(
∂iWj + ∂jWi

)
+

a
c

ȧ δij −
a
c

ȧ δij +
a

3c
(∂kWk)δij

=
a
c

[
1
3
(∂kWk)δij −

1
2
(
∂iWj + ∂jWi

)]
. (A67)

Thus,

σij =
a
c

[
1
3
(∂kWk)δij −

1
2
(
∂iWj + ∂jWi

)]
. (A68)

E.2 Special case: Wi = b(t) xi

For this choice, Wi = b(t) xi and

∂jWi = b(t) δij, ∂kWk = 3b(t). (A69)

It follows that
∂iWj + ∂jWi = 2b(t) δij. (A70)

Substituting these expressions into the shear formula yields

σij =
a
c

[
1
3
(3b)δij −

1
2
(2b)δij

]
= 0, (A71)

that is,
σij = 0 (Wi = b(t) xi). (A72)

F.Computation of the Expansion from the Tetrad

For the coframe ansatz given in Eq. (24) the components are

e0
t = c, e0

i = 0, ei
t = Wi, ei

j = a δi
j. (A73)
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The corresponding tetrad matrix is

(ea
µ) =

(
c 0

Wi a δi
j

)
, (A74)

with determinant
e := det(ea

µ) = c det(a δi
j) = c a3. (A75)

The natural congruence is uµ := e0
µ, and the dual frame vector is

e0 =
1
c

(
∂t −

Wi

a
∂i

)
, (A76)

so that

uµ =

(
1
c

,−Wi

a c

)
. (A77)

The expansion scalar
θ := ∇µuµ (A78)

can be computed using the Levi–Civita identity

θ =
1
e

∂µ(e uµ) =
1
e

[
∂t(eut) + ∂i(eui)

]
. (A79)

From this,

eut = (ca3)
1
c
= a3 ⇒ ∂t(eut) = ∂t(a3) = 3a2 ȧ, (A80)

eui = (ca3)
(
− Wi

ac

)
= −a2Wi ⇒ ∂i(eui) = −∂i(a2Wi) = −a2∂iWi, (A81)

where a = a(t). Consequently,

θ =
1

ca3

(
3a2 ȧ − a2∂iWi

)
=

1
a c

(
3ȧ − ∂iWi

)
. (A82)

Appendix-IV
A.Derivation of Torsion Tensor

For the drift-adapted spatial tetrad,

ei = a(t) dxi + Wi(t, x) dt = a(t) δi
j dxj + Wi(t, x) dt, (A83)

we compute its exterior derivative:

dei = d
(

a δi
j dxj

)
+ d
(

Wi dt
)

. (A84)

Using d(dxj) = 0 and da = ȧ dt, the first term becomes

d
(

a δi
j dxj

)
= da ∧ δi

j dxj = ȧ dt ∧ δi
j dxj. (A85)

For the drift term we use the identity d( f dt) = d f ∧ dt and expand

d
(

Wi dt
)
= dWi ∧ dt =

(
∂tWi dt + ∂jWi dxj

)
∧ dt

= ∂tWi dt ∧ dt + ∂jWi dxj ∧ dt = ∂jWi dxj ∧ dt, (A86)

since dt ∧ dt = 0. Finally, using antisymmetry of the wedge product,

dxj ∧ dt = − dt ∧ dxj, (A87)
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we rewrite Eq. (A86) as
d
(

Wi dt
)
= − ∂jWi dt ∧ dxj. (A88)

Combining with Eq. (A85) yields the torsion two-form

dei =
(

ȧ δi
j − ∂jWi

)
dt ∧ dxj. (A89)

B. Derivation of Torsion Tensor for the observer at rest

ωa
bµ = 0, Ta

µν = ∂µea
ν − ∂νea

µ, Tρ
µν = ea

ρ Ta
µν. (A90)

e0
0 = 1, e0

j = 0, ei
0 = Wi(t, x⃗), ei

j = a(t) δi
j. (A91)

e0
0 = 1, e0

j = −W j

a
, ei

0 = 0, ei
j =

1
a

δi
j. (A92)

Ti
0j = ea

i(∂0ea
j − ∂jea

0
)
= ek

i(∂0ek
j − ∂jek

0
)

(A93)

=
1
a

δk
i
(

∂0
(
a δk

j
)
− ∂jWk

)
=

1
a

(
ȧ δi

j − ∂jWi
)

. (A94)

Wi(t, x⃗) = b(t) xi − Wadapt i(t, x⃗) =⇒ ∂jWi = b(t) δi
j − ∂jWadapt i. (A95)

Ti
0j =

1
a

[(
ȧ − b

)
δi

j + ∂jWadapt i
]
. (A96)

(
Ti

0j

)
rest

=
1
a

[(
ȧ − b

)
δi

j + ∂jWadapt i
]
̸= 0. (A97)

C. Derivation of Torsion Tensor for freely falling observer

ωa
bµ = 0, Ta

µν = ∂µea
ν − ∂νea

µ, Tρ
µν = ea

ρ Ta
µν. (A98)

e0
0 = 1, e0

j = 0, ei
0 = Wi(t, x⃗), ei

j = a(t) δi
j. (A99)

e0
0 = 1, e0

j = −W j

a
, ei

0 = 0, ei
j =

1
a

δi
j. (A100)

uµ =
dxµ

dt
, u0 = 1, vi := a(t) ui + Wi(t, x⃗). (A101)

dvi

dt
=

d
dt
(
aui + Wi) = ȧ ui + a u̇i + ∂tWi + uk∂kWi. (A102)

vi = 0 =⇒ a ui = −Wi. (A103)

ȧ ui = − ȧ
a

Wi. (A104)

(
Ti

0j

)
free fall

= ea
i(∂0ea

j − ∂jea
0
)
= ek

i(∂0ek
j − ∂jek

0
)
. (A105)
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=
1
a

δk
i
(

∂0(aδk
j)− ∂jWk

)
=

1
a

(
ȧ δi

j − ∂jWi
)

. (A106)

Wi = b(t)xi − Wadapt i =⇒ ∂jWi = b(t)δi
j − ∂jWadapt i. (A107)

(
Ti

0j

)
free fall

=
1
a

[
(ȧ − b)δi

j + ∂jWadapt i
]
. (A108)

Appendix-V: Derivation of Contortion and Superpotential Tensors
A. Derivation of Contortion Tensors

Kµν
ρ = − 1

2
(
Tµν

ρ − Tνµ
ρ − Tρ

µν
)

(A109)

Ki0
j =

−1
2 (Ti0

j − 0 − Tj
i0)

= 1
2 (−Ti0

j + Tj
i0)

= 1
2 (T

ij
0 + Tj

i0)

(A110)

Kij
0 = −1

2 (Tij
0 − T ji

0 − 0)
= 1

2 (T
ji

0 − Tij
0)

(A111)

K0i
j =

−1
2 (0 − Ti0

j − Tj
0i)

= 1
2 (T

i0
j + Tj

0i)

= −1
2 (Tij

0 + Tj
i0) = −Ki0

j

(A112)

B. Derivation of Superpotential Tensors

Sρ
µν = 1

2 (K
µν

ρ + δµ
ρTαν

α − δν
ρTαµ

α) (A113)

S0
ij is trivial:

S0
ij = 1

2 Kij
0 (A114)

Si
0j = 1

2 (K
0j

i + 0 − δj
iTα0

α)

= 1
2 (K

0j
i + 0 − δj

iT0)

= −1
2 [K j0

i + δi
jT0]

= −1
2 [Ki0

j + δi
jT0]

(A115)

Appendix-VI: Systematic effective teleparallel action and the minimal GDV
extension

We work in covariant teleparallel geometry, whose fundamental variables are the tetrad ea
µ and

an inertial spin connection ωa
bµ satisfying the curvature-free condition Ra

bµν(ω) = 0. The torsion
tensor reads

Tρ
µν = ea

ρ
(

∂µea
ν − ∂νea

µ + ωa
bµeb

ν − ωa
bνeb

µ

)
, Ta = dea + ωa

b ∧ eb. (A116)

The TEGR dynamics are generated by the torsion scalar

T ≡ Tρ
µν Sρ

µν, (A117)

which differs from the Levi–Civita Ricci scalar only by a total boundary term.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2026 doi:10.20944/preprints202512.1361.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1361.v2
http://creativecommons.org/licenses/by/4.0/


52 of 66

A.Irreducible torsion and the lowest-order invariant basis

In four dimensions, torsion decomposes into three Lorentz-irreducible pieces: a trace (vector)
part, an axial (pseudo-vector) part, and a purely tensorial part. A standard choice is [18]

Vµ ≡ Tν
νµ, Aµ ≡ 1

6
εµνρσTνρσ, tλµν (traceless tensor part). (A118)

At quadratic order in torsion (schematically O(∂e)2), the most general parity-even teleparallel La-
grangian (New General Relativity, NGR) can be written as [18]

LNGR =
|e|
2κ

[
a1VµVµ + a2 Aµ Aµ + a3 tλµνtλµν

]
, (A119)

where TEGR corresponds to a specific point in this parameter space for which the combination
reproduces the torsion scalar T and hence GR.

B.Observer congruence and GDV-type scalars

The GDV framework singles out a physically meaningful unit timelike congruence uµ (uµuµ =

−1). In the drift-adapted formulation employed here, we identify it with the temporal tetrad leg,

uµ ≡ e(0)
µ, (A120)

so no additional dynamical field is introduced. Given uµ, one may form further lowest-order scalars
by projecting torsion irreducible pieces along the congruence, e.g.

(uµVµ)
2, (uµ Aµ)

2, uαuβ tαµνtβ
µν. (A121)

C.Minimal GDV extension

The aim is to isolate the drift–expansion mismatch encoded in the trace torsion sector while
preserving the GR limit in regimes where this mismatch vanishes. We therefore adopt the minimal
choice consisting of the TEGR baseline plus a single congruence-projected trace-torsion invariant.
Defining

S ≡ uµVµ, (A122)

the gravitational Lagrangian density becomes

Lgrav =
|e|
2κ

[
T + β (uµVµ)

2
]
, κ = 8πG, (A123)

with dimensionless coupling β.

D.Other allowed operators

For completeness, additional operators consistent with the same symmetries can be grouped as:

• Other parity-even, lowest-order scalars:
VµVµ, Aµ Aµ, tλµνtλµν, (uµ Aµ)2, uαuβtαµνtβ

µν. These extend the model beyond the minimal GDV
trace sector.

• Higher-derivative operators (next EFT order):
(∇µVµ)2, ∇µVν∇µVν, ∇αTµνρ∇αTµνρ, T2, T(uµVµ)2, etc., which typically introduce additional
scales and may activate new modes.

• Non-minimal matter couplings:
terms such as Vµ Jµ or (Vµ Jµ)2 with a matter current Jµ, which generally violate minimal coupling
and are postponed.
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Appendix-VII: Derivation of Lagrangian
Let us define

Ai
j = ∂jWi

adapt, trA = ∂iWi
adapt. (A124)

He f f =
ȧ − b

a
. (A125)

Using the full teleparallel geometric definitions and contracting indices one obtains the intermedi-
ate expression

T =
Tr(A2) + A : A − 2(trA)2 + 8aHe f f trA − 12a2H2

e f f

2a2 , (A126)

where
A : A = ∑

i,j
Ai

j Ai
j, Tr(A2) = ∑

i,j
Ai

j Aj
i. (A127)

Define the symmetric combination

Sij =
1
2

(
∂iW

j
adapt + ∂jWi

adapt

)
, (A128)

whose squared Frobenius norm expands to

(∂iW j + ∂jWi)2 = 2A : A + 2Tr(A2). (A129)

Thus we rewrite
Tr(A2) + A : A =

1
2
(∂iW j + ∂jWi)2. (A130)

Substituting into (A126),

T =
1

4a2 (∂iW j + ∂jWi)2 − (trA)2

a2 +
4He f f

a
trA − 6H2

e f f . (A131)

The temporal torsion trace is

T0 = Tα
0α =

1
a

[
3(ȧ − b) + ∂iWi

adapt

]
= 3He f f −

trA
a

. (A132)

Solving for trA gives
trA = a(3He f f − T0). (A133)

Substitute (A133) into (A131):

T =
1

4a2 (∂iW j + ∂jWi)2 −
(

3He f f − T0

)2
+ 4He f f (3He f f − T0)− 6H2

e f f . (A134)

Expand the last three terms:

−(3He f f − T0)
2 = −9H2

e f f + 6He f f T0 − T2
0 , 4He f f (3He f f − T0) = 12H2

e f f − 4He f f T0. (A135)

Thus
T =

1
4a2 (∂iW j + ∂jWi)2 + 2He f f T0 − T2

0 − 3H2
e f f . (A136)

The standard gravitational action of teleparallel geometry is given by

STEGR =
1

2κ

∫
d4x e T +

∫
d4x eLmatter, (A137)
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where T is the torsion scalar:

T =
1
4

TρµνTρµν +
1
2

TρµνTνµρ − TρTρ. (A138)

The variation of this action with respect to the tetrad yields the standard TEGR field equations:

1
e

∂µ(eSa
µν) + Tρ

µaSρ
νµ − 1

4
ea

ν T = κ Θa
ν. (A139)

This equation is equivalent to the Einstein field equations. In the Newtonian limit, this variation
strongly constrains the vorticity (curl) part of the Wi field, but it does not generate a strong source
term for the divergence (Mach) component.

Appendix-VIII:
In the GDV–Mach model, the action is modified as

SGDV =
1

2κ

∫
d4x e

(
T + βT 2

0
)
+
∫

d4x eLmatter, (A140)

where
T0 ≡ Tµ

µ0 (A141)

is the time component of the torsion trace.
Accordingly, the new gravitational Lagrangian density becomes

Lgrav =
e

2κ

(
T + β T 2

0 + λ(uµuµ + 1)
)

. (A142)

Since δe
e = δln(e) the variation of the extra term is

δSβ =
1
κ

∫
d4x e

(
βT0 δT0 +

β
2 T 2

0 δ ln e + eλ2uµδuµ

)
. (A143)

As a consequence, the following new contribution is added to the TEGR field equations:

βZa
ν := β ∂µ(e T0 Xa

µν) + β e Ya
ν T 2

0 +
e
κ

λuνua, (A144)

where Xa
µν and Ya

ν are geometric coefficients arising from the tetrad variation.
We define the tensors and temporal torsion trace

Xa
µν ≡ ∂T0

∂(∂µea
ν)

, Ya
ν ≡ ∂T0

∂ea
ν
.

T0 ≡ Tν
0ν = 1

a
(
∂0ei

i − ∂iei
0
)
.

(A145)

Since T0 depends only on ∂0ei
i and ∂iei

0, the nonvanishing components of Xa
µν are

Xi
0j =

1
a

δi
j, Xi

j0 = −1
a

δi
j, (A146)

while all other components vanish. The explicit tetrad dependence of T0 enters only through the scale
factor a = 1

3 ek
k. Holding derivatives fixed, one finds the only non-vanishing components are

Yi
j = −T0

3a
δi

j, (A147)

We can rewrite λ in terms of β such that

λ =
β

2κ
(Tµuµ)2 (A148)
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Thus, the new field equation takes the form

1
e

∂µ(eSa
µν) + Tρ

µaSρ
νµ − 1

4
ea

νT + β Za
ν = κ Θa

ν, (A149)

where Za
ν represents the combined effect of the above X and Y expressions.

Appendix-IX: Hamiltonian Constraint Structure and Degree-of-Freedom Analysis
of the GDV Sector

In this Appendix we present a complete Hamiltonian (Dirac) constraint analysis of the Gravita-
tional Drift Velocity (GDV) sector in order to unambiguously determine its physical degree-of-freedom
(DOF) content and to clarify its ontological status.

Configuration Variables and Canonical Setup

We consider the tetrad ansatz

e0 = dt, ei = a(t) dxi + Wi(t, x⃗) dt, (A150)

working in the Weitzenböck gauge (vanishing spin connection). The gravitational action is

S =
∫

d4x |e|
[

1
2κ

T + β(Tµuµ)2 + λ(uµuµ + 1)
]
+ Sm, (A151)

with uµ = (1, 0, 0, 0).
From the explicit computation of the torsion two-form

Ta = dea, (A152)

one finds
d(Widt) = dWi ∧ dt = (∂jWi) dxj ∧ dt, (A153)

since dt ∧ dt = 0. Therefore no term proportional to ∂tWi appears in the torsion tensor, the torsion
trace Tµ, or the scalar T.

Consequently, the Lagrangian density depends on Wi only through its spatial gradients ∂jWi, and
never through Ẇi.

Primary Constraints

The canonical momentum conjugate to Wi is

πi(x) ≡ ∂L
∂Ẇi(x)

= 0. (A154)

This yields three primary constraints

ϕi(x) ≡ πi(x) ≈ 0, i = 1, 2, 3. (A155)

The fundamental Poisson brackets are

{Wi(x), πj(y)} = δi
j δ(3)(x − y). (A156)

The total Hamiltonian is
HT = Hc +

∫
d3x ui(x) ϕi(x), (A157)

where ui are Lagrange multipliers enforcing the primary constraints.
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Secondary Constraints from Consistency

The Dirac consistency condition requires

ϕ̇i(x) = {ϕi(x), HT} ≈ 0. (A158)

Since ϕi = πi, this implies

ϕ̇i(x) = {πi(x), Hc} = − δHc

δWi(x)
≈ 0. (A159)

We therefore obtain three secondary constraints

ψi(x) ≡ δHc

δWi(x)
≈ 0. (A160)

Because the Lagrangian depends on Wi only through ∂jWi, the constraints ψi take the Euler–
Lagrange form

ψi = −∂j

(
∂L

∂(∂jWi)

)
+

∂L
∂Wi . (A161)

In the GDV model these equations are elliptic (Poisson-type) constraint equations rather than hyper-
bolic evolution equations.

Constraint Algebra and Classification

The full constraint set is
χα = {ϕi, ψi}, α = 1, . . . , 6. (A162)

Their Poisson brackets satisfy

{ϕi(x), ϕj(y)} = 0, (A163)

{ϕi(x), ψj(y)} = −
δψj(y)
δWi(x)

. (A164)

Since ψj contains spatial differential operators acting on Wi, the matrix

Cij(x, y) ≡ {ϕi(x), ψj(y)} (A165)

defines a non-degenerate elliptic operator. Under standard boundary conditions (e.g. decay at spatial
infinity), this operator is invertible. Therefore the pairs (ϕi, ψi) form a set of second-class constraints.

No additional first-class constraints arise in the GDV sector.

Degree-of-Freedom Counting

The phase space associated with Wi has dimension 2 × 3 = 6. With six second-class constraints,
the number of propagating degrees of freedom is

NW =
1
2
(6 − 6) = 0. (A166)

Hence the GDV field Wi carries no independent propagating degrees of freedom.

Appendix-X: Effective Lagrangian

L =
|e|
2κ

[
T + β

(
Tµuµ

)2
+ λ

(
uµuµ + 1

)]
+ Lm. (A167)
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Varying the Lagrangian with respect to uµ gives

2β(Tνuν)Tµ + 2λuµ = 0. (A168)

Hence, one concludes that
Tµ ∥ uµ. (A169)

Contracting Eq. (A168) with uµ yields

2β(Tµuµ)2 = −2λ uµuµ. (A170)

Using the normalization condition
uµuµ = −1, (A171)

we obtain
λ = 2β(Tµuµ)2. (A172)

Since Tµ and uµ are parallel, we may write

uµ = A0 Tµ, (A173)

where A0 is a constant.
Applying the normalization condition,

uµuµ = A2
0 TµTµ = −1, (A174)

which implies

A0 = ± 1√
−TµTµ

. (A175)

Therefore,

uµ = ±
Tµ√
−TµTµ

. (A176)

Substituting this expression back into the Lagrangian gives

Le f f =
|e|
2κ

[
T + β

(
Tµ

Tµ

√
−TνTν

)2
+ λ(uµuµ + 1)

]
. (A177)

Using the constraint uµuµ = −1, the final form of the Effective Lagrangian becomes

Le f f =
|e|
2κ

[
T − β TµTµ

]
=

|e|
2κ

[
T − βT2

]
. (A178)

Now, let us interpret the physical meaning of the results. Implementing variation with respect
to uµ leads to the constraint of Eq. (A169). This is a natural result, since the term Tµuµ expresses a
mismatch between torsion and the observer. On the other hand, Eq. (A168) shows which alignment of
uµ minimizes the energy: Tµ ∥ uµ. In addition, the normalization condition helps us to find the required
amplitude as well. Inserting Eq. (A176) into the general Lagrangian gives a rise to Effective Lagrangian
which directly corresponds to a higher order f (T) theory. Therefore, the Lagrangian of the current
theory cannot be expressed by f (T) = T + αT2 which contains only a nonlinear contribution term.
However, this is a specific case of the Effective Lagrangian constrained by parallelization condition.

Appendix-XI: Newtonian Limit

Wi = αxi (A179)
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∂jWi = αδi
j (A180)

(∂iW j)(∂jWi) = 3α2, W j∂jT0N = 0 (A181)

Then,
∇2Φ = 3α2. (A182)

The classical Poison Equation is,
∇2Φ = 4πGρ (A183)

When it is compared

α2 =
4πG

3
ρ (A184)

Appendix-XII: Cosmological Implications
The effective GDV energy density is defined through the Hamiltonian relation

ρGDV =
1
a3

(
ȧ

∂LGDV

∂ȧ
−LGDV

)
. (A185)

The GDV contribution to the Lagrangian is given by

LGDV =
9β

2κ
a3(H − b/a)2, H =

ȧ
a

. (A186)

Since
∂LGDV

∂ȧ
=

9β

κ
a2H(H − b/a), (A187)

the energy density becomes

ρGDV =
9β

κ
H(H − b/a)− 9β

2κ
(H − b/a)2. (A188)

This expression can be written in compact form as

ρGDV =
9β

2κ

[
2H(H − b/a)− (H − b/a)2

]
. (A189)

Expanding the square, one obtains

2H(H − b/a)− (H − b/a)2 = H2 − b2, (A190)

which leads to the exact result

ρGDV =
9β

2κ
(H2 − b2

a2 ). (A191)

No approximation is involved in this step: the result follows directly from the definition of ρGDV and
the GDV Lagrangian.

GDV Lagrangian represents a geometric energy contribution which behaves as an effective fluid
in cosmology.

In the current formalism, the effective pressure definition is

p = − 1
3a2

∂L
∂a

(A192)
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This definition is obtained directly from the standard Euler–Lagrange variation with respect to matter.
Therefore, for the GDV sector,

pGDV = − 1
3a2

∂LGDV

∂a
(A193)

LGDV =
9β

2κ
a(ȧ − b)2 (A194)

Implementing the derivative gives,

∂LGDV

∂a
=

9β

2κ
(ȧ − b)2 (A195)

pGDV = −3β

2κ
(H − b/a)2 (A196)

Time Evolution of a(t) and b(t)

PGDV =
9β

2κ

(
H2 − b2

a2

)
, y(t) =

b(t)
a(t)

(A197)

ρ̇GDV =
9β

2κ

(
2HḢ − 2yẏ

)
(A198)

Q = 0 (A199)

ρ̇GDV + 3H(ρGDV + pGDV) = 0 (A200)

9β

2κ

(
2HḢ − 2yẏ

)
+ 3H(ρGDV + pGDV) = 0 (A201)

2yẏ = 2HḢ +
2κ

9β
3H(ρGDV + pGDV) (A202)

ẏ =
HḢ

y
+

κ

3β

H(ρGDV + pGDV)

y
(A203)

ḃ = ȧy + aẏ ȧ = Ha (A204)

ḃ = aẏ + Hay (A205)

pGDV = −3β

2κ

(
H − b

a

)2
(A206)

ρGDV =
9β

2κ

(
H2 − b2

a2

)
(A207)

A :=
9β

2κ
(A208)

ρGDV = A(H2 − y2) (A209)

ρ̇GDV + 3H(ρGDV + pGDV) = 0 (A210)
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ρGDV = −ρGDV − 1
3H

ṗGDV (A211)

ρ̇GDV = 2A(HḢ − yẏ) (A212)

pexact
GDV = −A(H2 − y2)− 2A

3H
(HḢ − yẏ) (A213)

ρexact
GDV = −9β

2κ
(H2 − y2)− 3β

κ
Ḣ +

3β

κ

yẏ
H

(A214)

which is consistent with quasi-static limit:

ρGDV ≈ −A(H2 − y2). (A215)

when Ḣ and yẏ
H small.

Euler-Lagrange Equations

GDV Sector

∂LGDV

∂ȧ
=

9β

κ
ȧ(ȧ − b), (A216)

d
dt

∂LGDV

∂ȧ
=

9β

κ
[ä(ȧ − b) + ȧ(ä − ḃ)], (A217)

d
dt

∂LGDV

∂ȧ
=

9β

κ
[2äȧ − äb], (A218)

∂LGDV
∂a is given in Eq. (A195)

Gravitational Sector

For the gravitational part we compute

∂L(0)
grav

∂ȧ
= −6

κ
aȧ, (A219)

d
dt

(∂L(0)
grav

∂ȧ

)
= −6

κ
(ȧ2 + aä), (A220)

∂L(0)
grav

∂a
= −3

κ
ȧ2. (A221)

Hence,
d
dt

(∂L(0)
grav

∂ȧ

)
−

∂L(0)
grav

∂a
= −3

κ
ȧ2 − 6

κ
aä. (A222)

Matter Sector

Since the matter Lagrangian does not depend on ȧ, we have

∂Lm

∂ȧ
= 0. (A223)

The derivative with respect to a is

∂Lm

∂a
= −3a2ρm − a3 dρm

da
. (A224)
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Using the continuity equation
ρ̇m + 3H(ρm + pm) = 0, (A225)

we obtain
dρm

da
= −3

a
(ρm + pm), (A226)

which leads to
∂Lm

∂a
= 3a2 pm. (A227)

Therefore,
d
dt

(∂Lm

∂ȧ

)
− ∂Lm

∂a
= −3a2 pm. (A228)

Second Friedmann Equation

Combining all three sectors, the Euler–Lagrange equation yields

9β

κ
[2äȧ − äb]− 3

κ
ȧ2 − 6

κ
aä − 3a2 pm − 3a2 pGDV = 0. (A229)

Dividing by a2 and using the identity

Ḣ =
ä
a
− H2, (A230)

we obtain
9β

κ
[2äȧ − äb]− 6

κ
Ḣ − 9

κ
H2 − 3(pm + pGDV) = 0. (A231)

Finally, multiplying by κ/3 leads to the standard second Friedmann equation:

3β [2äȧ − äb]− 2Ḣ − 3H2 = κ(pm + pGDV) (A232)

When the additional GDV term is included, its variation with respect to a(t) produces extra
pressure-like contributions that can be consistently absorbed into an effective pressure pGDV. Current
measured values of ä and therefore Ḣ are negligible. Thus, the full second Friedmann equation acquires
the final form

−3H2 = κ
(

pm + pGDV
)

(A233)

which corresponds to the equation in the main text.

Torsion Trace and Cosmic Acceleration

In a homogeneous, non-rotating universe, the torsion trace vector provides a direct measure of
cosmic expansion. In the limit of vanishing local drift, Wi

local = 0, the background torsion trace reduces
to

Tbg
0 =

3(ȧ − b)
a

= 3Heff, (A234)

where
Heff ≡

ȧ − b
a

(A235)

acts as an effective Hubble parameter.
In standard FLRW cosmology, the acceleration equation reads

ä
a
= −4πG

3 ∑
i

ρi(1 + 3wi), (A236)

where wi = pi/ρi denotes the equation-of-state parameter of each cosmic component. Accelerated
expansion requires an effective component with w < −1/3.
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Within the GDV framework, the mathematical form of the acceleration equation remains un-
changed. However, its geometric interpretation differs: the acceleration is not attributed to spacetime
curvature sourced by an external dark-energy component, but to the non-vanishing torsion trace
generated by the drift structure of the tetrad. The effective Hubble rate Heff, encoded in T0, governs
both expansion and acceleration.

Thus, cosmic acceleration arises as a consequence of torsion induced by geometric drift, rather
than from an independently introduced exotic fluid.

Appendix-XIII: Matching Conditions, the BTFR, and the Emergent Acceleration
Scale

This appendix provides a detailed account of the matching procedure underlying the galactic-
scale solutions discussed in Sec. 3.1.1, and clarifies the physical origin of the integration constant C
appearing in the asymptotic drift profile.

Matching and the Emergent BTFR

In the baryon-dominated region,

gbar(r) ≃
GMbar

r2 . (A237)

In the drift-dominated regime,

gGDV(r) ≃
C
r

. (A238)

Matching at a transition radius r∗,

GMbar

r2∗
∼ C

r∗
⇒ C ∼ GMbar

r∗
. (A239)

Defining the characteristic acceleration a0 by

gGDV(r∗) ∼ a0, (A240)

one obtains
C ∼ a0r∗. (A241)

Eliminating r∗ yields
C2 ∼ GMbara0. (A242)

Since v2
∞ = C, this gives

v4
∞ ∼ GMbara0, (A243)

reproducing the Baryonic Tully–Fisher relation.

Appendix XIV: Explicit Derivation of the Trace-Variation Term
Variation of the Quadratic Trace Term

Consider
Str =

β

2κ

∫
d4x |e| (Tµuµ)2. (A244)

Varying with respect to ea
ν gives

δStr =
β

2κ

∫
d4x |e| Za

ν δea
ν, (A245)

which defines Za
ν.
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The tensor Za
ν decomposes schematically as

Za
ν = (Tµuµ)Ta

ν +
1
2
(Tµuµ)2ea

ν +∇(Tµuµ), (A246)

where no derivatives higher than second order appear.
In a homogeneous FLRW background,

Za
ν → diag(−ρeff, peff, peff, peff). (A247)

Appendix- XV: Tensor Perturbations on FLRW and Gravitational Wave
Propagation

In this appendix we compute explicitly the quadratic action for transverse–traceless (TT) tensor
perturbations on a spatially flat FLRW background within the GDV framework.

A. Background and Perturbation Ansatz

We consider
ds2 = −dt2 + a2(t)

(
δij + hij

)
dxidxj, (A248)

with transverse–traceless conditions

∂ihij = 0, hi
i = 0. (A249)

A convenient tetrad choice in Weitzenböck gauge is

e0
0 = 1, ea

i = a(t)
(

δa
i +

1
2

ha
i

)
, (A250)

with all other components vanishing.
The determinant expands as

|e| = a3
(

1 +
1
4

hijhij

)
+O(h3). (A251)

B. Torsion Tensor and Trace

The torsion tensor in teleparallel gravity is

Tρ
µν = ea

ρ
(
∂µea

ν − ∂νea
µ

)
. (A252)

The torsion trace is defined as
Tµ = Tν

νµ. (A253)

For the FLRW background one finds

T(0)
0 = 3H, H =

ȧ
a

. (A254)

Including tensor perturbations, a direct expansion yields

T0 = 3H +
1
4

hij ḣij +O(h3), (A255)

while the linear contribution vanishes,
T(1)

0 = 0, (A256)

as a consequence of the transverse–traceless conditions.
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C. Expansion of the GDV Term

The GDV contribution to the action is

SGDV =
∫

d4x |e| β(Tµuµ)2, uµ = (1, 0, 0, 0). (A257)

Using
Tµuµ = T0, (A258)

we expand to quadratic order:

(T0)
2 =

(
3H +

1
4

hij ḣij

)2
(A259)

= 9H2 +
3H
2

hij ḣij +O(h4). (A260)

Multiplying by the determinant,

|e|(T0)
2 = a3

[
9H2 +

3H
2

hij ḣij +
9H2

4
hijhij

]
+O(h3). (A261)

The mixed term can be integrated by parts:

∫
dt a3Hhij ḣij = −1

2

∫
dt

d
dt
(a3H) hijhij, (A262)

up to boundary terms.
Using

d
dt
(a3H) = a3(3H2 + Ḣ), (A263)

one finds that all H2 contributions cancel, leaving the quadratic GDV contribution

δ(2)SGDV = −
∫

d4x a3
(

3β

4
Ḣ
)

hijhij. (A264)

D. Quadratic Tensor Action

The TEGR part yields the standard quadratic tensor action

S(2)
TEGR =

1
8κ

∫
d4x a3

[
ḣ2

ij −
1
a2 (∂khij)

2
]

. (A265)

Combining both contributions,

S(2)
tensor =

1
8κ

∫
d4x a3

[
ḣ2

ij −
1
a2 (∂khij)

2 − m2
Th2

ij

]
, (A266)

where
m2

T = 6κβḢ. (A267)

E. Gravitational Wave Propagation

The resulting equation of motion is

ḧij + 3Hḣij +

(
k2

a2 + m2
T

)
hij = 0. (A268)
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Since the GDV term generates neither additional kinetic (ḣ)2 nor gradient (∂h)2 contributions,
the tensor propagation speed remains

c2
T = 1. (A269)

Thus, the GDV modification does not alter the gravitational wave propagation speed or the
number of tensor polarizations, and remains consistent with multimessenger constraints.

F. Validation of β by Linear Perturbation Theory

Ẇi /∈ L =⇒ πi ≡
∂L

∂Ẇi
= 0, i = 1, 2, 3 (A270)

ϕi(x) ≡ πi(x) ≈ 0 (A271)

ϕ̇i = {ϕi, HT} ≈ 0 =⇒ ψi(x) ≡ δHc

δWi(x)
≈ 0 (A272)

χα = {ϕi, ψi}, Cαβ(x, y) = {χα(x), χβ(y)} (A273)

{ϕi(x), ψj(y)} = −
δψj(y)
δWi(x)

≡ Oij δ(3)(x − y) (A274)

det(Oij) ̸= 0 =⇒ (ϕi, ψi) second-class (A275)

NW =
1
2

(
2 × 3 − 6

)
= 0 (A276)

̸ ∃ ω(k) such that ω2 = c2
s k2 (A277)

G. Gradient stability in the quasi-static limit

a → 1, b → 0 (A278)

L(2)
GDV =

1
2κ

[
−1

4
(∂W)2 + (2 + β)(∂iWi)2

]
(A279)

Wi (⃗k) = WL (⃗k) k̂i + Wi
T (⃗k), k̂iWi

T = 0 (A280)

(∂iWi)2 → k2|WL|2, (∂W)2 → k2(|WL|2 + |WT |2
)

(A281)

L(2)
GDV ∝

k2

2κ

[(
(2 + β)− 1

4

)
|WL|2 −

1
4
|WT |2

]
(A282)

Wi
T = 0 ⇒ αL =

7
4
+ β (A283)

αL > 0 ⇐⇒ β > −7
4

(A284)
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