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In 1900, William Thomson (Lord Kelvin) declared that physics was complete,
save for two minor "clouds" on the horizon. These "clouds" ultimately led to quantum
theory and the theory of relativity. Today, we again face two such "clouds": dark matter
and dark energy. History seems to be repeating itself. Over a century ago, the
breakthrough came in 1925 with Werner Heisenberg's seminal paper [1], marking the
birth of quantum mechanics as a distinct field of theoretical physics. By that time, the
general theory of relativity (GTR) was already well-established, finding its first
applications and undergoing further development. It is conceivable that in the coming
years, the challenges posed by dark matter and dark energy might also be resolved.
Some groundwork for this has already been laid (see reviews [2—11]). However, the
sheer number of proposed approaches might also signal a potential lack of clarity in
tackling these problems. Below, we briefly examine some of the possible solutions to
these challenges.

1. Unifying GTR and Quantum Theory. This is the quest for a more
comprehensive theory of nature, often termed the problem of quantum gravity. Both
theories encounter issues with infinities, giving rise to the well-known problem of
justifying quantum mechanics—a second major challenge in modern physics.

2. Resolving Quantum Mechanics Foundations. This could involve either
providing a coherent interpretation of the existing framework or creating an entirely
new theory. Several approaches exist. (i) Establishing a meaningful language that
incorporates the division of the world into a system and observer as a core feature. (i1)
Proposing a new interpretation of the theory that eliminates the dependence on
measurements or observations in describing fundamental reality. (ii1) Developing a
novel theory that provides a deeper understanding of nature than current quantum
mechanics.

3. Unifying Particles and Forces. This involves determining whether the
various particles and forces can be explained as manifestations of a single, fundamental
entity. Without quantum mechanics, unified theories are straightforward to formulate.
However, incorporating quantum mechanics greatly complicates the task, as gravity,
one of the four fundamental forces, must also be addressed within the framework of
quantum gravity.

4. Explaining the Constants of Nature. How are the values of the free
parameters in the Standard Model of particle physics determined? For instance,
astronomers have used two methods to measure the mass distribution in galaxies. (1)
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By observing the orbital velocities of stars. (ii) By estimating the mass of visible matter,
such as stars, planets, gas, and dust.

These methods, applied to over a hundred galaxies, show a consistent
discrepancy of an order of magnitude, implying the presence of unseen matter—dark
matter.

5. Addressing Dark Energy and Cosmic Expansion. Observations at vast
scales reveal that even with dark matter accounted for, the universe's expansion
(triggered by the Big Bang 13.7 billion years ago) is accelerating, contrary to
expectations. This could suggest that: (1) GTR is incorrect on cosmic scales. (i) A new
form of energy-dark energy—dominates on large scales, causing accelerated expansion.

Recent measurements suggest the universe comprises approximately 70% dark
energy, 26% dark matter, and only 4% ordinary matter. These figures underscore the
pressing need to explain the roles of dark matter and dark energy [12]. Cosmological
measurements have become significantly more precise over the past few decades, aided
by Moore’s Law, which predicts a doubling of computational power approximately
every 18 months. This has allowed for more detailed observations of the universe's
fundamental characteristics, such as total matter density and expansion rate. While a
Standard Model of Cosmology now exists, much like the Standard Model of particle
physics, its free parameters remain unexplained by theory and must instead be
determined through observation. [13].
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