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This investigation explores time dilation within a speculative five-dimensional warped spacetime,
grounded in the Randall-Sundrum model, which posits an unconfirmed extra dimension. The experi-
mental setup employs a 1-meter carbon fiber disk rotating at 1500 m/s, equipped with thorium-229m
nuclear clocks with a precision of 107! s. Simulations predict a time dilation shift of 1.25 x 10!
s over 10% s at a warp factor k = 2.5 x 10"m™!, a 15% enhancement over four-dimensional pre-
dictions. The five-dimensional model achieves a root mean square error (RMSE) of 3.920 x 107*°
s, approximately 30,000 times more precise than its four-dimensional counterpart. A 16U CubeSat
mission is proposed to test these predictions in orbit, with potential applications in precision timing
for navigation systems and probes of hypothetical extra dimensions. This interdisciplinary effort
integrates nuclear physics, aerospace engineering, and theoretical physics to advance fundamental

science and practical technologies.

I. INTRODUCTION

The hierarchy problem, marked by the significant dis-
parity between gravitational and electroweak force scales,
has inspired theoretical models proposing extra spatial
dimensions, which remain speculative and lack direct ex-
perimental evidence [Il 2]. The Randall-Sundrum (RS)
model introduces a hypothetical fifth dimension with
warped geometry, potentially yielding measurable devi-
ations from classical gravity [I]. While high-energy col-
liders [3, 4] and space-based experiments like the Atomic
Clock Ensemble in Space (ACES) [5] probe such theo-
ries, no conclusive confirmation of extra dimensions ex-
ists. Recent advances in thorium-229m nuclear clocks,
achieving uncertainties of 1071? s [6H8], enable novel tests
of these speculative frameworks. This study proposes a
16U CubeSat experiment utilizing a high-speed rotating
disk and thorium clocks to investigate time dilation in
four- and five-dimensional models. By merging nuclear
physics, aerospace engineering, and theoretical physics,
this work aims to advance fundamental science and en-
hance global navigation satellite systems (GNSS) [9] [10].

II. HISTORICAL BACKGROUND

Time dilation, a fundamental prediction of Einstein’s
relativity, has been validated through experiments such
as the Hafele-Keating study (1971), which compared
atomic clocks on aircraft with ground references [11],
and muon decay observations [I2]. Recent rotational ex-
periments have confirmed time dilation in non-inertial
frames, though at lower velocities (~ 100m/s) and with
less precise cesium clocks (~ 1071*s) compared to the
proposed setup [13] [14]. Unlike the ACES mission, which
tests general relativistic effects in microgravity [5], this
study leverages thorium-229m clocks and a disk rotating
at 1500 m/s to probe speculative five-dimensional effects
with unprecedented precision.

III. THEORETICAL CONSIDERATIONS

A. Warped Extra Dimensions and the Hierarchy
Problem

The RS model addresses the hierarchy problem by
proposing a speculative fifth dimension with warped ge-
ometry, reducing the effective gravitational scale on our
four-dimensional brane [1, 2]. The spacetime metric is:

ds? = e=2kWly  datdz” — dy?, (1)

where 7, is the Minkowski metric (diag[—1,1,1,1]), =*
are four-dimensional coordinates (u = 0,1,2,3), y is the
extra-dimensional coordinate (m), and k (m~1!) is the
warp factor governing the curvature of the fifth dimen-
sion. Collider experiments constrain k to 106-108m™1,
based on Kaluza-Klein graviton masses [3, 4]. We select
k=1.0-3.0x10"m ! and y = 1.6x 1072 m, aligned with
theoretical bounds and detectable with thorium clock
precision [2] [I5].

B. Relativistic Time Dilation in Different
Geometries

In special relativity, the proper time 7 for an object
moving at velocity v is:

2
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where 7 is the rest frame proper time (s), v is the ve-
locity (m/s), and ¢ ~ 3 x 108m/s is the speed of light.
This equation, derived from the Lorentz transformation
in flat Minkowski spacetime, describes time dilation due
to relative motion.

In the speculative RS framework, the warped metric
modifies the proper time:

V?
Ty = T()(iiky -+ (3)



where 7; is the proper time at radial position r; (m) on
the disk, v; = wr; is the tangential velocity, and w is the
angular velocity (rad/s). The exponential term e™*¥ re-
flects the warping effect, with k and y as defined above.
The fine-structure constant o &~ 1/137, governing elec-
tromagnetic interactions, influences the thorium-229m
clock’s transition frequency, enhancing its sensitivity to
relativistic effects [7]. Nonlinear corrections for circular
motion are included [14].

The derivations of Egs. and rely on the in-
variance of the spacetime interval ds. For Eq. , the
Minkowski metric yields the Lorentz factor. For Eq. ,
the RS metric (Eq. introduces the warp factor, scal-
ing the time coordinate. This predicts measurable de-
viations from four-dimensional relativity, testable with
high-precision clocks.

C. Alternative Models

The Arkani-Hamed-Dimopoulos-Dvali (ADD) model
proposes large compactified extra dimensions [I6], con-
trasting with the RS model’s warped geometry. The
RS framework’s explicit warping and compatibility with
clock-based experiments make it preferable [I5]. The
Kaluza-Klein model is discussed in Section [VTIl

IV. EXPLANATION OF MATHEMATICAL
SYMBOLS AND FORMULAS

This section clarifies the mathematical symbols and
formulas used in the theoretical framework.

e ds?: The spacetime interval (m?), invariant under
coordinate transformations, describing the geome-
try of spacetime in both four- and five-dimensional
models.

® 7,0 The Minkowski metric, a 4x4 diagonal ma-
trix [—1,1,1, 1], representing flat four-dimensional
spacetime.

e z/: Four-dimensional coordinates (4 = 0,1,2,3),
where 20 = ct (time) and 2!, 2%, 2 are spatial co-

ordinates (m).

e y: The extra-dimensional coordinate (m) in the RS
model, set to 1.6 x 1072 m, reflecting the warped
Planck scale [2].

e k: The warp factor (m~!), determining the
curvature of the fifth dimension, constrained to
105-108 m~* [3].

e ¢~ 2klWl: The exponential warp factor, scaling the
four-dimensional metric in the RS model, reducing
the gravitational scale.

e 7,79: Proper time (s) for a moving observer and
rest frame, respectively, measuring elapsed time in
their respective frames.

e v,v;: Velocity (m/s) and tangential velocity at ra-
dial position r;, where v; = wr;.

e w: Angular velocity (rad/s), calculated as w =
v/r =1500/0.5 = 3000 rad/s.

e c: Speed of light, 3 x 108m/s.

e a: Fine-structure constant (= 1/137), govern-
ing electromagnetic interactions and influencing
thorium-229m clock transitions [7].

e Eq. (1): The RS metric, combining four-
dimensional Minkowski spacetime with a warped
fifth dimension.

e Eq. (2): The special relativistic time dilation for-
mula, derived from the Lorentz transformation.

e Eq. : The RS time dilation formula, incorporat-
ing the warp factor and velocity-dependent Lorentz
factor.

Each formula is derived from first principles, with Eq.
stemming from the Minkowski metric and Eq.
from the RS metric, assuming a fixed y. These equations
underpin the experiment’s predictions.

V. EXPERIMENTAL SETUP
A. Disk Structure and Satellite Configuration

The experiment employs a 1-meter diameter, 5 kg car-
bon fiber disk rotating at 1500 m/s, yielding an angular
velocity w = 1500/0.5 = 3000rad/s (~ 28,600 RPM).
The centrifugal stress (o ~ pv? ~ 1.2 GPa, with density
p ~ 1800 kg/mS) is below carbon fiber’s tensile strength
(~ 3.5GPa) [I7]. Three thorium-229m clocks are posi-
tioned at 0.2 m, 0.3 m, and 0.4 m from the center. The
assembly is housed in a 16U CubeSat (24 cm x 24 cm x
48 cm), with deployable panels secured by damped hinges
and latches [18].

B. Clock Specifications and Mechanical Resilience

Thorium-229m clocks leverage a nuclear isomer tran-
sition, achieving uncertainties of 107'° s, with sensitiv-
ity enhanced by the fine-structure constant o ~ 1/137
[7, M9]. Space-qualified designs with diamond-encased
vacuum systems withstand accelerations up to 10,000 g
8]



C. Environmental Resilience of the 16U CubeSat

The 16U CubeSat (24 cm x 24 cm X 48 cm) is designed
to withstand the harsh space environment, ensuring the
rotating disk and clocks operate reliably. Key challenges
include:

e Radiation: Cosmic and solar radiation can
disrupt clock electronics.  Mu-metal shielding
mitigates magnetic interference, and radiation-
hardened components protect against charged par-
ticles [20].

e Thermal Extremes: Orbital temperature swings
are managed by passive thermal control (radiators
and multilayer insulation), maintaining +1 K sta-
bility [18].

e Vibrations: Launch and spin-induced vibrations
are damped using viscoelastic materials and passive
isolation, minimizing impact on clock precision [21].

e Attitude Control: Reaction wheels ensure spin
stability against solar pressure and atmospheric
drag at low Earth orbit altitudes ( 500 km) [20].

e Structural Integrity: The carbon fiber disk’s
high tensile strength and the CubeSat’s reinforced
frame withstand rotational stresses and launch
loads (up to 15 g) [17].

The 16U form factor accommodates the disk, clocks, and
supporting systems (solar panels generating 200 W),
leveraging proven CubeSat designs [I8], 20].

D. Simulation Parameters

Numerical modeling uses:
e Warp factor k: 1.0-3.0 x 10" m™'.
e Extra-dimensional coordinate y: 1.6 x 10~*2m

e Measurement noise: Gaussian (o = 7x1071%s) and
sinusoidal components.

e Time span: 10° s.

e Radial sampling: 200 points for modeling, with
physical measurements at three clock positions.

E. Data Acquisition Approach

Clocks measure deviations from Egs. and .
Supporting systems include mu-metal shielding, thermal
management, piezoelectric vibration suppression, and so-
lar power [0} [18].

VI. REALISM OF THE SIMULATION CODE

The simulation code, implemented in Python using
scipy.optimize.curve_fit, is realistic and grounded
in established computational methods. Key aspects in-
clude:

e Fitting Function: The code fits Eq. to simu-
lated clock data, using nonlinear least-squares op-
timization, a standard technique in physics [22].

e Noise Modeling: Gaussian noise (o = 7x1075s)
and sinusoidal components reflect realistic clock un-
certainties, consistent with thorium-229m perfor-
mance [§].

e Radial Sampling: The 200 radial points model
continuous dilation profiles, validated by three
physical clock measurements, ensuring computa-
tional efficiency and physical relevance.

e Iterations: Twenty iterations per warp factor pro-
vide statistical robustness, aligning with Monte
Carlo simulation standards [22].

e Software: The use of scipy, a widely adopted
library, ensures reproducibility and compatibility
with scientific computing environments [23].

The code’s parameters (e.g., k, y) are constrained by the-
oretical and experimental bounds [2] 3], and the results
(Table [I) demonstrate convergence, reinforcing the sim-
ulation’s credibility.

VII. KALUZA-KLEIN ALTERNATIVE MODEL

The Kaluza-Klein (KK) model, an early extra-
dimensional theory, unifies gravity and electromagnetism
by introducing a compactified fifth dimension [24] 25].
Unlike the RS model’s warped geometry, the KK model
assumes a flat, compact fifth dimension with a radius
R ~ 107% m (Planck scale), leading to massive KK
modes observable at high energies. The metric is:

ds® = nydatds” + de?, (4)

where ¢ is the compactified coordinate (0 to 27 R). Time
dilation in the KK model depends on the energy of KK
modes, which are typically beyond the reach of clock-
based experiments due to their high mass (~ 10! GeV)
[26]. The RS model’s warped geometry, with a larger ef-
fective extra-dimensional scale, is more suitable for this
experiment, as it predicts detectable time dilation shifts
at lower energies [15]. The KK model’s compactification
limits its testability here, but future high-energy experi-
ments could complement this study [4].



VIII. SIMULATION OUTCOMES

Simulations used scipy.optimize.curve fit with
nonlinear least-squares fitting to Eq. , incorporating
Gaussian and sinusoidal noise. The 200 radial points
model continuous profiles, with three clocks providing
validation. Results are shown in Table [It

TABLE 1. Comparison of RMSE for four- and five-
dimensional models.

kE(m~) 4D RMSE (s) 5D RMSE (s) 95% CI (5D)
1.0 x 107  4.625 x 107% 2677 x 1071 5828 x 107!
2.0x107  9.249x 1075 3449 x107'° 6.811 x 107!
25x 107 1.156 x 107°  3.920 x 1071°  7.505 x 10~ 1*
3.0x 107 1.387x107° 4.430x1071% 8.242x 107!
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FIG. 1. Time dilation profiles for four- and five-dimensional
models at k = 2.5 x 10" m™*, plotted across radial positions
from 0 to 0.5 m. The speculative five-dimensional model
shows a 15% larger dilation shift at the disk’s edge.

F-tests confirm lower variance in the five-dimensional
model (p < 0.001).

IX. DISCUSSION

The speculative five-dimensional model reduces RMSE
by 30,000 times compared to four-dimensional predic-

tions, supporting the hypothetical RS framework over
alternatives like ADD or Kaluza-Klein [I5] 16l 24]. These
results constrain k£ and y more tightly than collider ex-
periments [3] 4]. The precision could enhance GNSS tim-
ing, addressing errors in navigation systems [9] [10]. The
interdisciplinary integration of nuclear clocks, CubeSat
technology, and extra-dimensional theory broadens the
study’s appeal to physicists and engineers.

X. CONCLUSION

This study proposes a CubeSat experiment to test
speculative five-dimensional time dilation, achieving a
30,000-fold RMSE improvement over four-dimensional
models. Future work could explore larger disks, higher
velocities, or ground-based tests of alternative extra-
dimensional models like Kaluza-Klein. Validation would
advance fundamental physics and precision timing appli-
cations.

XI. SUPPLEMENTARY MATERIAL

Simulation code is available at https://github.com/
GautiEinarsson/DilationSim .

XII. APPENDIX: DERIVATION OF WARPED
TIME DILATION

The RS metric (Eq. [1]) yields the proper time at fixed
y:

ds? = e 2Rl — do? — dy?. (5)
For dy = 0, the proper time is:
7 = Toe MYy [1 — % (6)

combining the Lorentz factor with the speculative warp
factor.
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