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Abstract

This paper presents a modification of General Relativity within the framework of
Horndeski scalar-tensor theories. We postulate the existence of a scalar field ϕ that
is universally coupled to the matter metric via a conformal factor. This approach
ensures the strict equality of the propagation speeds of gravitational and electro-
magnetic waves (cg = cγ), satisfying the stringent constraints from the GW170817
event. To reconcile the theory with Solar System tests, a Cubic Galileon term is
introduced in the Lagrangian, implementing the Vainshtein screening mechanism.
We show that by selecting the energy scale of the theory as Λ ∼ 10−13 eV, the scalar
field is screened within planetary systems but generates an effective "fifth force" on
galactic scales, mimicking a Dark Matter halo and leading to flat rotation curves.
On cosmological scales, the field dynamics reproduce the accelerated expansion of
the Universe (attractor w ≈ −1), offering a unified solution to the Dark Matter and
Dark Energy problems.

1 INTRODUCTION
The standard cosmological model (ΛCDM) successfully describes the large-scale structure
of the Universe but faces several fundamental challenges: the lack of laboratory detection
of Dark Matter particles, the fine-tuning problem of the cosmological constant, and the
tension in Hubble constant measurements (H0 tension) [1, 2].

Alternative theories of gravity, such as MOND [6] or TeVeS [7], faced a significant
challenge following the detection of the binary neutron star merger GW170817 [3]. The
simultaneous arrival of gravitational waves and gamma-ray bursts imposed a constraint
on the speed difference: |cg/cγ − 1| < 10−15. This ruled out most Variable Speed of Light
(VSL) theories where the metrics for photons and gravitons differ [19,20].

In this work, we propose a model that circumvents this limitation by postulating
a universal conformal coupling. We assume that the physical metric defining the
geodesics for baryonic matter and radiation is conformally related to the gravitational
metric via the scalar field ϕ. This guarantees causal consistency, while the effective
dynamics become a function of the local matter density.

1



2 THEORETICAL FORMALISM

2.1 Action

The total action S is written as the sum of the gravitational sector, the scalar sector, and
the matter sector:

S =

∫
d4x

√
−g

[
M2

pl

2
R− 1

2
(∇ϕ)2 − 1

Λ3
(∇ϕ)2□ϕ

]
+ Sm[g̃µν , ψm] (1)

Where:

• Mpl is the reduced Planck mass.

• Λ is the energy scale of the theory.

• g̃µν is the physical (conformal) metric.

The metric relation is given by:

g̃µν = A2(ϕ)gµν , A(ϕ) = eβϕ/Mpl (2)

where β is a dimensionless coupling constant of order unity (β ∼ O(1)).

2.2 Field Equations

Variation of the action with respect to the field ϕ yields the equation of motion containing
non-linear derivatives:

□ϕ+
2

Λ3
[(□ϕ)2 −∇µ∇νϕ∇µ∇νϕ] =

β

Mpl

T (3)

The source of the field is the trace of the matter energy-momentum tensor T . The
presence of the (□ϕ)2 term ensures the Vainshtein mechanism [10,11].

2.3 Electromagnetic Invariance

The action for the electromagnetic field is written in the conformal metric g̃. Due to the
conformal invariance of Maxwell’s equations in 4 dimensions:

SEM = −1

4

∫
d4x

√
−g̃g̃µν g̃αβFµαFνβ = −1

4

∫
d4x

√
−gF 2 (4)

The factors A(ϕ) cancel out. Consequently, the fine-structure constant α remains invariant
throughout the Universe, satisfying spectroscopic observations.

3 THE VAINSHTEIN MECHANISM
Near a massive body of mass M , non-linear terms dominate over kinetic ones, suppressing
the gradients of the field ϕ. The Vainshtein radius rV is defined as:

rV =
1

Λ

(
M

Mpl

)1/3

(5)

Inside the radius r < rV (Solar System), the fifth force is suppressed as (r/rV )3/2, and
the theory degenerates into General Relativity (GR).
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Figure 1: The Vainshtein screening mechanism. The solid orange line shows the ratio
of the total gravitational force to the Newtonian force. Inside the Vainshtein radius (left),
the theory converges to GR (ratio ≈ 1). Outside (right), the fifth force is activated.

Estimation of parameter Λ: To suppress deviations from GR on Solar System
scales (r ∼ 500 AU ≈ 1014 m) given the Solar mass M⊙, we obtain the constraint:

Λ ≈ 10−13 eV (6)

This value coincides with the Dark Energy scale (H0 ∼ 10−33 eV in Planck units), indi-
cating the naturalness of the theory.

4 GALACTIC DYNAMICS
On galactic scales (r ≫ rV ), the screening weakens. An additional force arises due to the
gradient of the conformal factor:

a⃗ = −∇⃗ΦN − β∇⃗ϕ (7)

4.1 Derivation of the Logarithmic Potential

In the weak-field limit, the equation for ϕ in cylindrical symmetry (galactic disk) reduces
to the Poisson equation in 2D. For distances r > Rdisk, the solution takes the form (see
Appendix A):

ϕ(r) ∼ ln(r) (8)

This leads to a force falling off as 1/r rather than 1/r2. The effective rotation velocity at
the periphery becomes constant:

v2(r → ∞) ≈
√
GMa0 = const (9)

The critical acceleration parameter a0 in our model is derived and expressed through
fundamental constants:

a0 ∼
β2Λ4

M2
pl

(10)
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Figure 2: Theoretical rotation curve for a typical spiral galaxy. The dashed blue line
represents the expected Newtonian velocity (Keplerian decline). The solid orange line
shows the prediction of the Dynamic Vacuum Theory, demonstrating a flat asymptote
v ≈ const at the periphery.

Substituting Λ ∼ 10−13 eV yields a0 ∼ 10−10 m/s², which matches the observed value in
MOND phenomenology [6, 24].

5 COSMOLOGICAL IMPLICATIONS
In a homogeneous Universe, the field ϕ(t) acts as a cosmological fluid. For the Cubic
Galileon, there exists an attractor solution where the equation of state asymptotically
approaches wϕ = −1 [13]. Consequently, the scalar field energy density ρϕ ≈ const
behaves as Dark Energy, driving the accelerated expansion of the Universe.

Unified Dark Sector: The field ϕ unifies three phenomena:

1. Screening (GR) at small scales.

2. Extra Gravity (Dark Matter) at galactic scales.

3. Cosmological Constant (Dark Energy) at universal scales.

6 PREDICTIONS
1. Lunar Laser Ranging (LLR): An anomalous precession of the Lunar orbit is

expected to be δϕ ∼ 10−12 rad/year due to the residual fifth force at the rV boundary
[23]. This is at the sensitivity limit of future experiments.

2. Gravitational Wave Damping: The luminosity distance for gravitational waves
DGW

L will differ from the electromagnetic distance DEM
L due to the interaction ("fric-

tion") of the wave with the scalar background. Expected deviation ∆DL/DL ∼
10−2.
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Figure 3: Evolution of the equation of state parameter w(z). The solid orange line
shows how the field tends towards the value w ≈ −1 in the modern epoch (left, z = 0),
mimicking Dark Energy. The dashed blue line represents the standard ΛCDM model.

3. Void Structure: The dynamics of ϕ predict deeper density minima in cosmic voids
compared to the ΛCDM model.

7 CONCLUSION
The presented Dynamic Vacuum Theory offers a parsimonious solution to key cosmologi-
cal problems. Introducing a single scalar degree of freedom with the Vainshtein mechanism
allows for the unification of Dark Matter and Dark Energy phenomenology without vio-
lating strict gravitational wave astronomy constraints. The model is falsifiable and allows
for verification in near-future astrophysical experiments.

A DERIVATION OF THE LOGARITHMIC POTEN-
TIAL

In the galactic regime (r ≫ rV ), the screening mechanism is negligible. Considering a
static, cylindrically symmetric system (galactic disk) in the weak-field limit, the equation
of motion for ϕ effectively scales as a 2D Poisson equation. The field solution scales as:

ϕ(r) ∼
√
GMa0 ln

(
r

rs

)
(11)

The corresponding acceleration due to the scalar field is:

aϕ = −β∇ϕ ∝ −
√
GMa0
r

(12)

The total circular velocity vc is determined by the force balance:

v2c
r

=
GM

r2
+

√
GMa0
r

(13)
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At large radii (r → ∞), the Newtonian term (1/r2) vanishes faster than the scalar term,
leading to a constant velocity: v2c ≈ const.
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