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ABSTRACT: A mysterious force termed dark energy is believed to accelerate the expansion rate of the universe. Dark energy is
assumed to have a constant density, which appears to violate the energy conservation principle, a universal law of physics, on large
scales. While Noether’s Theorem may explain the constant density of dark energy as the universe expands, many other frameworks,
including the backreaction hypothesis, are still under investigation. Researchers have tried to understand dark energy through
the application of several aspects of physics, including quantum field theory and general relativity. In this review, we suggest that
Noether's theorem may provide a plausible explanation to resolve this by connecting energy conservation to space-time symmetry.
This challenges the notion that regular energy conservation is a universal law that can be applied to all scales, irrespective of other
factors. This research is important as it helps to deepen our understanding of dark energy, ultimately helping us to figure out
the mystery of cosmic evolution. In this review paper, we explore the quantum approach to explain this density, followed by an
alternative to dark energy through backreaction in the universe, concluding with Noether’s Theorem, which is the most plausible

explanation given to date.
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B Introduction

The universe expands in a puzzling manner, as galaxies seem
to drift away, pushed by an unknown force. In the late 1990s,
it was discovered that the expansion rate of the universe is in-
creasing. When the luminosity distances of Type la supernovae
were measured, and the data from the cosmic microwave back-
ground and baryon acoustic oscillations were analysed, it was
confirmed that the acceleration was being driven by a myste-
rious component that was termed ‘dark energy’.! Dark energy
was a new form of energy that showed an effect similar to
repulsive gravity. Although it was initially discovered from ob-
servations of distant supernovae, dark energy is now supported
by observations from various cosmological structures, such as
cluster abundance? and weak gravitational lensing.® It has also
been measured that the universe is composed of 68% dark en-
ergy, 27% dark matter, and only about 5% ordinary matter.*

Although the cosmological constant was initially introduced
in Einstein’s theory of General Relativity to allow for a static
universe, it was later abandoned after it was discovered that
the universe was expanding. It was later reintroduced in the
ACDM model to explain the accelerating expansion of the
universe.” But this has led to inherent theoretical problems,
such as the large difference between the value of dark energy
that was observed and the predictions from Quantum Field
Theory.® Such problems may suggest that there are some inter-
actions of dark energy that have not been discovered.

The most widely accepted theory in cosmology is the ACDM
model. In this framework, dark energy serves as a cosmological
constant A, which has a fixed density that does not change as
the universe expands. However, this behaviour of dark ener-
gy conflicts with the notion that all forms of energy must be

conserved in the universe. This paradox comes into existence
when conventional energy conservation principles are applied
across cosmological scales, when other theories of physics, such
as general relativity and quantum field theory, began to diverge.

The notion that dark energy density remains constant when
the universe expands raises several fundamental questions
about the applicability of the traditional principle of energy
conservation. This could be an indication of the possibility that
classical conservation laws break down at cosmological scales.
This could also mean that our current models and principles
are lacking. Several theories and principles based on symme-
try have now been suggested to solve this paradox. Among
them, Noether’s Theorem has emerged as a key candidate
for rethinking our current principle of energy conservation.”
Noether’s Theorem connects conservation principles to the
symmetries of spacetime. The observed constant density of
dark energy is not a paradox if Noether's symmetries can be
applied to an expanding universe. Rather, it could be simply an
outcome of space-time geometry and symmetry. Solving this
paradox could help us further understand our universe.

This review paper suggests that the application of Noether’s
Theorem could explain the constancy of dark energy in the
expanding universe based on symmetry. The explanation based
on Noether’s Theorem is simpler and more plausible than
other explanations given to solve this problem. This paper is
organized into five sections. It begins with a section on the
discovery and background of dark energy. It also talks about
the relation between dark energy and the conservation laws.
The second section discusses the role of dark energy as the cos-
mological constant in the ACDM model. This is followed by
a section talking about the quantum and relativistic approach-
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es to explain the constant density of dark energy. We talk
about the process of backreaction, which explains acceleration
without dark energy in the fourth section. The fifth and final
section talks about Noether’s Theorem and how it attempts to
solve this paradox in a very logical manner.

In this paper, we will discuss solutions to the question: How
can the constant density of dark energy be explained by the
energy conservation principle in an expanding universe?

B Discussion

Section 1 - Background of Dark Energy and Conservation
Laws:

This section reviews the discovery and behaviour of dark en-
ergy. It talks about the conflict of constant dark energy density
and traditional conservation of energy, as well as the mismatch
between theory and observation.

The analysis of observations of distant Type Ia supernovae
in the late 1990s revealed something that was unexpected. It
indicated that the expansion of the universe is accelerating.®
Considered as “standard candles” because of their predictable
luminosity, these supernovae helped astronomers to measure
distances between bodies in the universe. It was observed that
galaxies were moving away from each other at a rate that was
speeding up. This was surprising to astrophysicists as gravity,
which attracts matter together, was expected to slow down the
rate of expansion. This was the exact opposite of what was
observed. The acceleration of the expansion rate alluded to the
presence of a repulsive force or energy throughout the empty
universe.

The idea of this repulsive force was also supported by obser-
vations from various other data sources. Complementary data
from the cosmic microwave background (CMB) and large-
scale structures confirmed the presence of a repulsive force
that has negative pressure.* The CMB is the oldest light in the
universe. It is the remnant microwave radiation after the Big
Bang. Detailed information about the geometry and compo-
sition of the universe can be obtained from tiny fluctuations
in the CMB. Satellites like Planck and WMAP provided data
that showed us that although the universe is spatially flat on
average, its rate of expansion is increasing. This gave us an indi-
cation of the presence of an energy form that exerted negative
pressure. The large-scale surveys of the distribution of galaxies
also supported this. These observations hence confirmed the
presence of a mysterious force or energy now termed as dark
energy. Dark energy is estimated to contribute to about 70% of
the total energy composition of the universe.*

These conclusions proved to be a challenge to some of the
integral properties of physics, such as the law of conservation of
energy. To further comprehend this, we must further examine
the conservation of energy in the context of general relativity.
In general relativity, a globally conserved energy is not always
defined, as our cosmological models lack global time-trans-
lation symmetry.” As a result, general relativity does not have
a universal law of energy conservation, unlike in Newtonian
mechanics.’ This is because gravity is described as the curva-
ture of spacetime, which evolves with the energy and matter

the universe contains. This results in a fundamental mismatch
regarding a basic principle in the two major theories of physics.

In general relativity, energy conservation is expressed as the
disappearance of the covariant divergence of the energy-mo-
mentum tensor in a local context:!!

v.T"=0(1)

In this equation, V, represents the covariant derivative,
which accounts for the curvature of spacetime. T" is the ener-
gy-momentum tensor, which is responsible for describing the
density and flow of energy and momentum. This equation tells
us that although energy and momentum are conserved in the
universe locally, that is, in any small region of spacetime, it does
not suggest that the total energy in the entire universe is glob-
ally conserved. Therefore, it becomes essential to formulate a
global energy conservation law that applies to an expanding
universe.'?

Dark energy is included in the ACDM model as the cosmo-
logical constant A.° In classical physics, the energy of baryonic
matter and radiation spreads out as the universe expands. But
dark energy, instead of spreading out, increases in amount to
fill the infinitely growing volume of the universe due to ex-
pansion.’” This violates the conventional law of conservation
of energy as it suggests that the total amount of energy is not
fixed, which conflicts with the Newtonian notion that energy
cannot be created or destroyed.!

The paradox of the constant dark energy density with re-
spect to the energy conservation law is a large problem in
theoretical physics, as it suggests that the conventional energy
conservation principle may not be global and may not work in
an expanding, curved universe. This may suggest a breakdown
of classical physics at all scales, especially quantum scales. It
also highlights the need for modifying our understanding of
the laws of physics so that they are applicable on a universal
scale.

Dark Energy
Accelerated Expansion
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Pattern
375,000 yrs.

Development of

Dark Ages
/ Galaxies, Planets, etc.

Inflation

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
Figure 1: The figure shows the evolution of the universe from early inflation
and structure formation to a late-time, dark energy-dominated phase
characterized by accelerated expansion. Credits - Wilkinson Microwave
Anisotropy Probe (WMAP) and National Aeronautics and Space
Administration (NASA).

Section 2 - Dark Energy as the Cosmological Constant in the
ACDM Model:
The ACDM model, which is the most widely accepted the-

ory, provides the simplest explanation for the acceleration of
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the cosmic expansion. ACDM stands for Lambda Cold Dark
Matter. It combines dark energy with cold dark matter and
general relativity.* It explains several observations in cosmolo-
gy, like baryon acoustic oscillations (BAO), observations from
Type la supernovae, and anisotropies of the Cosmic Micro-
wave Background (CMB). The regular periodic fluctuations in
the density of ordinary matter that are visible in the universe
are defined as baryon acoustic oscillations. They often help in
determining distances on a cosmic scale.” Observations from
Type Ia supernovae are analysed for measuring the accelera-
tion of the expansion rate of the universe. The small difference
in the temperature of various regions of the CMB is referred to
as the anisotropies of the CMB. These differences were mea-
sured by missions such as Planck and WMAP.* The ACDM
model has achieved a high degree of accuracy with respect to
the observations from large-scale structures by integrating all
these observations simultaneously. Dark energy serves as the
cosmological constant A in this model. Although this theory
agrees with observational data, it has major theoretical issues
like the cosmological constant problem, Hubble Tension, and
the energy conservation paradox.

The cosmological constant A was introduced in 1917 by
Albert Einstein in his equations of general relativity. During
his time, it was believed that the universe was static and was
not expanding. In contrast, his equations initially implied
that the universe was either expanding or contracting. For the
equations to predict a stationary universe, he included A as a
repulsive force that balanced gravity.® However, this term was
theoretical and had no observational evidence to prove its ex-
istence.

In 1929, Edwin Hubble discovered that the universe was
indeed expanding. Consequently, Einstein said that including
A in his equations was his “greatest blunder”. A was consid-
ered unnecessary in cosmology for several decades. But this
changed in the late 1990s. Two independent teams analysing
observations from Type Ia supernovae found that the expan-
sion rate of the universe was accelerating.® This discovery
made A relevant again, and it was now considered a constant
form of energy that pushes the universe apart.

It was predicted in the Quantum Field Theory that the vac-
uum energy in space should have an enormous energy density.
This value is 100120 times greater than the value that has been
obtained from observations. This is known as the cosmologi-
cal constant problem. A large amount of fine-tuning helps to
reduce the magnitude of this discrepancy, which is considered
to be unsatisfactory.*®

In classical Newtonian physics, the energy of a closed system
is always conserved. But the energy density of dark energy in
the universe is a constant and does not dilute with expansion.
This is not because energy is physically created, but because
dark energy remains uniform as it is an inherent property and
is hence not affected by the expansion of the universe. This
raises questions about the applicability of the traditional en-
ergy conservation principle. Energy conservation in a global
context is still not well defined in general relativity. This is a
major roadblock to scientists who wish to formulate a perfect
theory of everything."

The difference between the value of the expansion rate of
the universe (Ho) measured using Cepheid variables and Type
Ia supernovae and the value obtained from the CMB is re-
ferred to as the Hubble Tension.'” The value of HO obtained
from the distance ladder methods is 73 km/s/Mpc, while the
value of Hgy obtained from CMB observations is 67 km/s/
Mpe. Currently, the error bar in the value obtained from the
distance ladder method is +1.04, while the error bar in the val-
ue obtained from CMB observations is +0.80. As the error
in measurement is decreased, the difference between the two
values also increases. This indicates a need to revise our current
cosmological model."”

The ACDM model is still the most widely accepted because
of its simple framework and its accuracy in regard to observa-
tional data. According to the ACDM model, dark energy is
constant, dark matter is cold and non-relativistic, while the rest
is ordinary matter and radiation. It is often used as a baseline
against which theories that are more complex and speculative
can be compared because of its clarity. The ACDM model is
also very successful in explaining the expansion of the uni-
verse. As a result, it is still used for large-scale surveys and
simulations in cosmology. It is the closest approximation to the
universe’s history of events that we currently have. However, in
the future, it should be replaced by a model that solves all of
these flaws while still being accurate in regard to observational
data.* Therefore, by modifying the ACDM model by utilizing
other theories such as Noether’s Theorem, we can get one step
closer to solving a paradox that has been confusing scientists
for years.

S Sl

Figure 2: The figure shows the 2013 Planck all-sky map of the Cosmic
Microwave Background temperature is shown. The small difference in the
temperature of various regions of the CMB, referred to as anisotropies,
provides strong observational evidence that the universe is spatially flat and
supports the ACDM model, in which dark energy dominates the universe’s
late-time expansion. Credits - European Space Agency (ESA) and the Planck
Collaboration.

Section 3 - Quantum and relativistic approaches:
This section examines quantum and relativistic approaches
to explain dark energy and its constant density.

3.1. - Quantum Field Theory:

Quantum Field Theory has been used to try to explain this
paradox. Vacuum energy is another term used instead of dark
energy. The vacuum of space is filled with fluctuating energy
in quantum field theory. The vacuum (dark) energy density
predicted by quantum field theory is 107120 times greater
than the observed values. This gives rise to the cosmological
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constant problem.' This is one of the most famous incon-
sistencies between theory and observations in astrophysics.
This is considered the cosmological constant problem since
this huge mismatch highlights the discrepancy between QFT
and our observations. The magnitude of the difference in the
values can be decreased by using renormalisation techniques.
However, it cannot be completely removed. This is still a major
problem that hinders our understanding of dark energy in the
expanding universe.

3.2. - Semiclassical Gravity:

Semiclassical gravity is one method that can be used to
connect quantum mechanics and gravity. In semiclassical
gravity, quantum fields propagate on a classical spacetime
background.’ Vacuum expectation values can be calculat-
ed using the framework. But it fails to consistently include
backreaction, which becomes a problem when we consider
an evolving universe. The phenomenon of backreaction is ex-
plained further in the next section. Also, when the quantum
fluctuations become too large or when non-classical states are
involved, this method can no longer be applied.

3.3. - Modified Gravity Theory:

Modified gravity theories can also be used, which adjust
Einstein’s equations without adding dark energy as A. f(R)
gravity and scale-tensor models attempt to explain acceler-
ating expansion without using the cosmological constant A
(dark energy).” Corrections based on curvature are introduced
to the action of gravity in these theories, which can result in
an acceleration in the expansion rate of the universe. However,
for f(R) gravity models to be viable, they need to satisfy sev-
eral conditions, such as avoiding instability and passing local
gravity tests. Hence, building models utilising these theories
becomes complicated.

3.4. - Other Mathematical Frameworks and Limitations:

Mathematical frameworks such as Lagrangian and Hamil-
tonian mechanics can define conserved quantities in stationary
(static) spacetimes. However, they cannot clearly define these
quantities in an expanding universe.” The absence of time
translational symmetry in an expanding universe in a global
context means that energy conservation cannot be directly ap-
plied.”

There is no quantum or relativistic approach that currently
clearly explains the reason for the creation of energy as the
universe expands without violating conventional energy con-
servation. Each theory has its respective flaws. The estimated
values from Quantum Field Theory are much greater than the
values obtained from observations, while semiclassical gravity
models are inconsistent. Modified gravity theories have several
flaws that require fine-tuning, while theories using mathe-
matical frameworks such as Hamiltonian mechanics are not
applicable in evolving spacetimes. None of these frameworks
perfectly solves this paradox; however, they bring us closer to
finding this solution. The models obtained from quantum and
relativistic approaches have several flaws and also require ex-

cessive assumptions. What if we just discard the cosmological
constant?

Section 4 - Backreaction from Cosmic Structure Formation:

This section talks about the backreaction hypothesis, which
states that the accelerating cosmic expansion could be due to
cosmic backreaction rather than dark energy. This removes the
requirement for dark energy in cosmology and its associated
problems and challenges.

The universe is assumed to be homogeneous and isotropic
on large scales. However, it contains smaller, complex structures
such as galaxies and voids, which evolve nonlinearly.”? The uni-
verse’s expansion rate can be changed because of the uneven
growth of the cosmic web, which is formed by these structures.
These small-scale inhomogeneities are not smoothed over the
fabric of the universe. According to Einstein’s field equations,
these inhomogeneities can change the average expansion rate
and change the evolution path of the universe from that of an
ideal FLRW universe. An ideal FLRW universe is a homoge-
nous, isotropic, and expanding universe that is path-connected.
Therefore, it is not possible to include the dynamics of the uni-
verse using a perfectly smooth model.®

A is interpreted as the energy density of dark (vacuum) en-
ergy in modern cosmology and accounts for the accelerating
expansion of the universe. But the backreaction hypothesis
tries to explain this phenomenon without utilising A. The
emphasis is thereby shifted to the distribution of matter and
the geometry of spacetime. By rendering A unnecessary, this
hypothesis proposes a new way to integrate acceleration of the
expansion rate with general relativity by ignoring one of the
most fundamental assumptions in modern cosmology.

Backreaction is a geometrical effect that occurs because
of the averaging of expansion rates across the universe. The
expansion of regions with lower density is faster than the col-
lapse of regions with higher density. As a result, the average
expansion rate can increase even though no local region is ac-
celerating because of the average combined effect.® Even if
the expansion of a local region of space is not accelerating, the
average expansion rate might still accelerate. The effects of the
lower-density regions that have a higher growth rate can over-
shadow the effects of the higher-density regions that have a
lower growth rate. This effect mimics that of a positive cosmo-
logical constant.®

The Buchert formalism helps us to average Einstein's Field
Equations over the regions in the universe that have an un-
even distribution of matter. It also gives us additional terms
that can affect the expansion of the universe.?* If these terms
grow much larger over time, they can produce an acceleration
in the average expansion rate of the universe without needing
a component that has negative pressure. Theoretically, this hy-
pothesis is viable as an alternative to the ACDM model.

The ACDM model can explain the observed superno-
vae data without using the cosmological constant. However,
this hypothesis requires additional assumptions to explain all
the cosmological data, such as BAO and CMB anisotropies.
Furthermore, for the universe after recombination to be con-
sistent with CMB data, it has to be extremely close to being
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perfectly homogeneous and isotropic. As a result, only a lim-
ited amount of inhomogeneity can develop in the universe. At
high redshifts, the backreaction hypothesis predicts a different
expansion history than the one in the ACDM model, which is
different from the data provided by various probes.?

If the accelerating expansion of the universe is caused by
backreaction, there is no longer a need for dark energy. As
a result, there would no longer be any challenges associated
with energy conservation due to dark energy. If acceleration
is caused only by the matter distribution and geometry of the
universe, there would no longer be a violation. Local energy
conservation would still apply regionally, but the average ex-
pansion rate would still accelerate due to backreaction. In this
hypothesis, Noether’s theorem would not play any role. This is
because time translation symmetry in such a universe would
be broken by inhomogeneity on a large scale.”” As a result, the
conservation principles would depend on geometry and would
only work locally. This would offer an extremely different in-
terpretation of the dynamics of the universe. The concept of
time translation symmetry is explained in the next section.

Section 5 - Noether’s Theorem and Its Implications:

5.1. - History of Noethers Theorem:

Instead of indicating an outright violation of the conserva-
tion of energy, dark energy’s constant density may be explained
by a different symmetry in the evolving universe.”® Noether’s
Theorem provides a simple explanation for the constant densi-
ty of dark energy by connecting symmetry to the conservation
laws. Emmy Noether’s theorem was formulated in 1915 and
published in 1918.% Now it has become an integral part of
modern theoretical physics. It talks about the relation between
the various symmetries of a system and the associated con-
served quantities in those systems. In essence, if the laws of the
system remain unchanged even after certain transformations,
a need for a conserved quantity arises. For example, the un-
changing symmetry of physical systems with respect to time
gives way to the energy conservation principle. This helps us to
explain why some properties do not change with the evolution
of a system. Another idea that can be inferred from the law is
that if a conserved quantity is present, it refers to the presence
of a specific law of a system that remains unchanged even after
transformation.”” Mathematically, Noether’s Theorem states
that for every continuous symmetry of the action S, there exists
a conserved current J", %

ou J"'=0 (2)

This equation means that the divergence of the current J .
disappears, so the total amount of the associated conserved
quantity remains constant over time when integrated across
space. Here, 0, represents the derivative with respect to space-
time coordinates, and J *is the conserved current related to a
symmetry of the system. In the case of time-translation sym-
metry, the conserved quantity is energy. This means that the
integral of the conserved quantity over space remains constant
in time, which is the principle behind local energy conserva-
tion according to Noether’s Theorem.*

5.2. - Noethers Theorem and the A CDM model:

When Noether’s theorem is applied to our current model
of the universe, the ACDM model, in general relativity, the
flat but dynamic nature of spacetime complicates the usu-
al time translational symmetry. This is because the universe
is expanding, which affects the concerned symmetries. As a
result, the idea of globally conserved energy becomes compli-
cated. Consequently, the regular time translational symmetry
used along with energy conservation cannot be directly ap-
plied. Hence, the idea that our current energy conservation
laws work on a global scale is challenged.'* Regardless, local
energy conservation is still valid as the covariant divergence
of the energy-momentum tensor disappears. This is because
time translational symmetry is present in an unchanging state,
which allows for the definition of a conserved quantity.™

Noether’s Theorem works best in flat universes that are stat-
ic. This is because time translational symmetry is enough to
reconcile the constant dark energy density with energy conser-
vation. *? It provides a mathematical framework that contains
formulas that permit dark energy to be constant without vi-
olating energy conservation. Therefore, energy conservation
needs to be approached in a novel manner by considering the
symmetries that affect spacetime.”* Hence, dark energy should
be viewed as a natural consequence of the structure of space-
time rather than an anomaly.*? Noether’s Theorem also works
in flat universes that are expanding, but to a more restricted
extent.

A modified conservation law compatible with the con-
stant density could come into existence if the expansion of
space-time itself encodes a symmetry.*> As of now, no sym-
metry directly solves this paradox with respect to expanding
curved spacetimes. This is because the symmetries of curved
spacetimes differ from those in flat ones, since the spacetime
undergoes evolution and gets stretched. However, with further
research, new symmetries can be discovered that help to recon-
cile this constant density with the broader energy conservation
principle, as these evolving symmetries can help in the adapta-
tion of conservation laws in an expanding universe.

Accordingly, the problem concerning the constant density
of dark energy gives rise to a need for the revision of the tradi-
tional form of energy conservation. It should be replaced with
conservation laws that are based on symmetry and are hence
suitable for an evolving universe. If we can apply Noether’s
Theorem to curved spacetimes, we would be able to resolve
this paradox of constant energy density in the most general
case very easily.** As a result, the need for more assumptions,
such as those needed in Quantum Field Theory and modified
gravity theories, is avoided, and the question now focuses more
on finding the correct spacetime symmetry.

5.3. - Advantages of Noethers Theorem:

Unlike in Quantum Field Theory and modified gravity, No-
ether’s theorem has minimal assumptions in its framework.™
It is assumed that symmetries are continuous, transformations
are well defined, and the boundary conditions vanish. Other
models that have been used to explain the constant dark en-
ergy density often utilize complex physics and assumptions.
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However, Noether’s Theorem offers a model that explains this
in a simpler and mathematical way.” By applying Noether’s
Theorem to our current cosmological model, astrophysicists
can strive to obtain a new modified conservation law that is
in agreement with the observed constant density of dark en-
ergy in the expanding universe. The approach using Noether’s
Theorem suggests that the violation of conventional energy
conservation exists because we apply traditional definitions
without taking into consideration the change in spacetime
symmetries, rather than considering it as a direct violation of
the energy conservation principle.

B Conclusion

A significant challenge to the principle of energy conserva-
tion on large scales is presented by the assumption of constant
density of dark energy in an expanding universe. This review
goes over a few theoretical attempts that try to solve this
paradox, from general relativity and quantum field theory, to
large-scale backreaction and symmetry. Some further questions
that may arise from this paper are:

a) Could there be a theory of quantum mechanics that
completely integrates cosmic expansion and its effects with
conservation laws? b) What further conditions are required for
backreaction to completely replace dark energy as the driving
force for accelerating expansion of the universe in cosmology?

By reviewing quantum and relativistic models and the effects
of cosmic backreaction, it becomes obvious that this paradox
is still unsolved in many popular approaches. Although No-
ether’s Theorem is not accepted as the final answer, it provides
a mathematically valid framework that connects modified
forms of conservation principles to evolving cosmological sym-
metries. However, alternative models and theories also offer
compelling ideas that do not violate the conventional principle
of energy conservation. Further research is essential to solve
this paradox. Solving this paradox would help us to properly
incorporate quantum theory into our current model of cosmol-
ogy. Furthermore, it could help us to ultimately understand the
fundamental forces in our universe by developing a true theory
of everything backed by quantum mechanics.
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