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Abstract. The coupled oscillator approach is very useful for modelling exoplanet interiors,
galaxy cluster mergers and compact binary spirals. In this study, a simplified two-coupled
oscillator model to quantify energy dissipation due to linear tidal forces is developed and its
implications for cosmic evolution explored. The model incorporated gravitational and tidal
interactions and the equations of motion of the system is derived using Lagrangian mechan-
ics with dissipative terms which made it easier to treat tidal dynamics as solvable mechani-
cal systems. The model also predicts dissipation rates for orbits, spins and deformations and
links microphysics to macroscale evolution.
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Introduction. In cosmology tidal forces are caused by the differential gravitational
pull on an object in a non-uniform gravitational field and these forces are important
in the dynamics of galaxies clusters, and other cosmic structures such as binary star
systems, exoplanetary systems and black hole mergers. These forces can lead to
energy dissipation through mechanisms like tidal friction and heating, influencing
the evolution of cosmic systems [1, 2]. Observations of clusters of galaxies of dif-
ferent sizes showed that they are bright x-ray sources whose emission mechanisms
is thermal bremsstrahlung from hot low density gas [3, 4]. There are already a del-
uge of theoretical and experimental studies investigating tidal forces and energy
dissipation in cosmology [5, 8]. In this current study, we have developed a simpli-
fied two-coupled oscillator model to quantify energy dissipation due to linear tidal
forces and explore its implications for cosmic evolution. Further, we have incorpo-
rated gravitational and tidal interactions and derive the equations of motion using
Lagrangian mechanics with dissipation terms.

Methods and materials; results. For the simple model of two body system
(body 1 and body 2) proposed here we treat the interacting cosmic bodies such as a
star and a planet or two galaxies, as mass-spring-damped systems at distance d, we
shall adopt the Lagrangian mechanics-based approach for coupled damped har-
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monic oscillators [4] in which we incorporate into the Lagrangian of the system the
gravitational couplingk between two oscillators representing the cosmic bodies of
masses M 1 and M 2, and the tidal dissipation is represented by the dampers y.
The tidal forces will be treated as perturbations such that the deformation of body
2 is due to the gravitational gradient of body 1.

Now, the modelling approach is that the tidal forces lead to energy dissipation
through mechanisms such as the internal friction generated by the relative motion
of different parts of an object, the conversion of mechanical energy into heat due to
tidal deformation and the energy loss in fluid components, for example the gas in
the galaxies or clusters, due to viscosity. After some slightly rigorous mathematics,
we obtained expressions for the energy dissipation, instantaneous power loss and
the time-averaged dissipation for circular orbits with frequency.

Results: The model was also applied to study binary star synchronization by
modelling tidal locking timescales and also explain the observed rotational fre-
quency and orbital frequency ratio distributions in previous studies [8, 9]. Work is
still in progress on how the model would be applied to study galactic flyby interac-
tions such as estimate tidal stripping rates in dwarf galaxies and to predict star for-
mation triggers from tidal heating.

Conclusion. The coupled oscillator model developed here is a simplified
framework for studying tidal dissipation in cosmology, linking microphysical pro-
cesses to macroscopic. The results obtained from the application of the model
compares with astrophysical observations such as orbital circularization in binary
stars and tidal heating in exoplanets. It is recommended that this work be improved
by introducing general relativistic corrections. Here, we considered for simplifica-
tion only two coupled oscillators, for hierarchical structure formation, multi-
oscillators may be considered.

References

[1] Barnes J.E., Hernquist L. Dynamics of interacting galaxies. Annual review of astronomy an-
dastrophysics, 1992, vol. 30, pp. 705-742.

[2] Tobie G., Auclair-Desrotour P., Behounkova M., Kervazo M., Souc¢ek O., Kalousova K. Tidal
deformation and dissipation processes in icy worlds. Space science reviews, 2025, vol. 221,
no. 6. https://doi.org/10.1007/s11214-025-01136-y

[3] Sarazin C.L. X-ray emission from clusters of galaxies. Rev. mod. phys, 1986, vol. 58 (1),
pp. 1-115. https://doi.org/10.1103/RevModPhys.58.1

[4] Damiani C., Mathis S. Influence of stella structure, evolution, and rotation on the tidal damping
of exoplanetary spin-orbit angles. Astronomy and Astrophysics, 2018, vol. 618, art. no. A90.

[5] Zhang T.B., Kohta Murase, Foteini Oikonomou, Zhuo Li. High-energy cosmic ray nuclei from
tidal disruption events: Origin, survival, and implications. Phys. Rev. D, 2017, vol. 96, art. no.
063007. arXiv:1706.00391

[6] Guépin C., Kotera K., Barausse E., Ke Fang, Kohta Murase. Ultra-high-energy cosmic rays and
neutrinos from tidal disruptions by massive black holes. Astronomy and Astrophysics, 2018,
vol. 616, art. no. A179.



Mockea, MI'TY um. H.3. baymaHa, 7—10 urons 2025 2.

Erinna M.A. Chen and Francis Nimmo. Tidal dissipation in the lunar magma ocean and its ef-
fect on the early evolution of the Earth-Moon system. ScienceDirect, 2016, 275, pp. 132-142.
Houraa Daher, Arbic B.K., Williams J.G., Ansong J.K. et al., Long-term Earth-Moon evolution
with high-level orbit and ocean tide models. J. Geophys Res Planets, 2021, vol. 1, no. 126 (12).
Ogilvie G.I. Tidal dissipation in stars and giant planets. Annual Review of Astronomy and As-
trophysics, 2014, vol. 52 (1).



