Pre prints.org

Article Not peer-reviewed version

The Unruh Effect and the Cosmological
Constant Problem

Yuanxin Li "
Posted Date: 30 June 2025
doi: 10.20944/preprints202506.2412.v1

Keywords: vacuum energy; quantum field theory; cosmological constant problem; electroweak phase
transition; Unruh effect

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3338965

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2412.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

The Unruh Effect and the Cosmological Constant
Problem

Yuanxin Li

Independent Researcher, China; yuanxinli31@gmail.com

Abstract: In this work, I show that the vacuum energy arising from zero-point fluctuations and
symmetry breakings vanishes when the acceleration exceeds the critical value as observed by an
accelerating observer taking into account the Unruh effect. By requiring that the cosmological constant
is a small constant independent of the observer, it would however probably be a mistake to construct the
vacuum stress-energy tensor using vacuum energy derived from quantum fluctuations and symmetry
breakings. The fact that the zero-point energy density of the vacuum is proportional to the fourth
power of the particle mass implies that only the covariant part of the self-energy of particles contributes
to the cosmological constant, resulting in a significantly reduced theoretical value. It turns out that
a correct calculation of the cosmological constant may rely on a hypothetical covariant theory of
quantum gravity.
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1. Introduction

The cosmological constant problem stands as one of the most profound puzzles in modern
theoretical physics, bridging cosmology and quantum field theory (for a review see [1-5]). The
cosmological constant A is typically understood to represent the energy density of the vacuum.
Observations of the universe’s accelerated expansion confirmed by supernovae data suggest a small
positive value for A. However, the predictions of quantum field theory exhibit significant discrepancies
with observational data. A proper statement of the cosmological constant problem includes: Why is
the cosmological constant not Planckian? Why is it so small? Why is it not zero?

There are at least two sources for the vacuum energy. In the cosmological context, spontaneous
symmetry breakings in the early universe may have induced phase transitions, potentially contributing
to the vacuum energy density associated with the cosmological constant. Although one can always
adjust the vacuum energy today to zero by tuning the parameter of the potential, it is not a very
satisfactory method because the vacuum energy cannot be zero before and after the phase transition.
In addition, in quantum field theory the vacuum is filled with quantum fluctuations contributing
to a zero-point energy (ZPE). However, the theoretical prediction of the cosmological constant from
quantum field theory contrasts with its observed value, giving rise to a discrepancy that spans over
120 orders of magnitude. One promising avenue for addressing the cosmological constant problem
is supersymmetry (SUSY), a theoretical framework that posits a symmetry between fermions and
bosons [6]. But experimental searches at the Large Hadron Collider have yet to detect supersymmetric
particles. Furthermore, the precise mechanism by which SUSY could resolve the cosmological constant
problem remains elusive, as the required cancellations demand an extraordinary degree of fine-tuning
in the SUSY-breaking sector.

On the other hand, it is well known that all inertial observers in a de Sitter universe see a thermal
spectrum with a Gibbons-Hawking temperature Ty = Hy /27t due to the cosmological horizon [7].
Note that the cosmological constant A is related to the Hubble constant Hy through A = 3H2. A
Planckian cosmological constant would result in a Planckian Gibbons-Hawking temperature. Such
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a high temperature would give rise to numerous nontrivial phenomena, such as phase transitions,
thereby affecting the vacuum energy. This strongly suggests a connection between the cosmological
constant and UV/IR mixing [8]. UV /IR mixing is a fascinating and counterintuitive phenomenon in
quantum field theory where high-energy (UV) and low-energy (IR) physics become interdependent. It
arises naturally in non-local theories and holographic dualities like AdS/CFT, where the UV physics
of the boundary theory is mapped to the IR physics of the bulk geometry, and vice versa. This mixing
challenges traditional notions of locality and renormalization group (RG) flow, offering deep insights
into quantum gravity. The connection between vacuum energy and Gibbons-Hawking radiation on
cosmological scales may also provide insights into the nature of the cosmological constant.

In this work, I will calculate the vacuum energy arising from zero-point fluctuations and symmetry
breakings. In Ref. [9], it has been shown that the electroweak phase transition (EWPT) occurs and
the electroweak gauge symmetry can be restored when the acceleration exceeds the critical value as
seen from the point of view of an accelerating observer (for other related studies see Ref. [10,11]).
Therefore, the true vacuum stress-energy tensor will be significantly different from the usual vacuum
stress-energy tensor as observed by an accelerating observer taking into account the Unruh effect
which predicts that an accelerating observer in a vacuum will detect a thermal bath at a temperature
proportional to its proper acceleration [12]. The analysis is based on the conservative assumption of
maximal validity of quantum field theory and general relativity. For convenience, I use natural units
withc=h=k=1.

2. Vacuum Energy for Accelerated Observers

For an accelerating observer the electroweak SU(2) x U(1) gauge symmetry in the Standard
Model is restored for acceleration larger than a critical value. The acceleration-dependent vacuum
expectation value (VEV) is given by [9]

/ 2
v(a) = vg 1—11%—‘/\]. (1)

where vy is the VEV for the inertial observer, a is the proper acceleration and agyy is the critical proper
acceleration of the EWPT. The second-order phase transition of the restoration of electroweak symmetry
occurs at agw and for a > agw, we have v = 0. The masses of all elementary particles (gauge bosons,
quarks, leptons and the Higgs boson itself) must be corrected by an acceleration-dependent factor
because in the Standard Model all of them gain masses controlled by the Higgs VEV. The elementary
particles therefore acquire a acceleration-dependent mass which is

2
m(a) =moy|1— z—, 2)
TEw

where m is the mass of the elementary particle for the inertial observer. By introducing the Unruh-like

temperature:
AW
Tgw = — 3
EW = o @3)
and .
T(a) = — 4
(a) 27_[/ ( )
Equation (2) can be also written as
T2
EW

where Tgw ~ 102 Gev is the critical temperature of the EWPT. It turns out that all massive particles of
Standard Model become massless for the local accelerating observer when the acceleration exceeds the
critical value.
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The vacuum energy receives contributions from both zero-point fluctuations and symmetry
breakings. The ZPE density of a real free scalar field is given by

1 1
02 = Ga [ kel 6)

w(k) = y/|k[? + mg, )

where (w, k) is the four-dimensional momentum and my is the mass of the scalar field. Obviously,

with

the integral is divergent in the ultraviolet region. The common method is to introduce an ultraviolet
cut-off Ayy at the Planck scale, then one obtains pz ~ 107 GeV*, which is larger than the observed
value of vacuum energy density by a factor of 10'2°. But a straightforward but lengthy calculation

leads to
4 272 4 2,1
07 = Agy mOAUV+ Mo 1 [ M08 T ®)
ler2 = 1672 64m? | 4AZ, '
4 272 4 2,7
p= Ay mpAgy My [ e T ©)
4872 4872 64m? 4AZ, ’

where p is the pressure. The Lorentz symmetry of the vacuum requires that the energy density and
pressure satisfy the equation of state p = —pz. Notice that the first two terms of Equations (8) and
(9) break Lorentz invariance and can be removed by local counterterms. Therefore, upon using a
regularization scheme that preserves Lorentz symmetry of the vacuum, for any quantum field one
arrives at the following expression for the ZPE density [13]

4 2
L "y
Pz = F a2 ln<ﬂ2>' i

where p is the renormalization scale, s represents the number of polarization states and the signs

+ are associated with bosons and fermions respectively. The result can be generalized to any other
interacting fields by simply replacing my with the renormalized mass mr. We see that the expression is
proportional to the mass of the particle to the power four and the massless particles do not contribute
to the ZPE. This result is very different from the result obtained by imposing a Planck cut-off.

Another contribution to the cosmological constant comes from the symmetry breakings. Let us
now calculate the vacuum energy produced by the EWPT at the classical level. We should also consider
the QCD symmetry breaking (~ 107! Gev) and other symmetry breakings at higher energy scales
(e.g., the grand unification scale at 10'* Gev and the Planck scale at 10! Gev). However, all these
expressions take a similar form and the analysis parallels the electroweak case. The Higgs field consists
of two complex scalar fields arranged into a doublet. After the EWPT, the field acquires a VEV and the
corresponding vacuum energy density is pgw = Av* ~ 108 Gev* with A being the coupling constant
describing the self-interaction of Higgs fields. In addition to being inconsistent with observational
data, such a large vacuum energy density corresponding to a large cosmological constant would also
produce a high Gibbons-Hawking temperature due to the cosmological horizon, thereby triggering a
phase transition. The Gibbons-Hawking temperature produced by the huge vacuum energy density
ps of symmetry breakings is

1
T, = E(STCG()S /3)1/2. (11)

When the vacuum energy density exceeds ps ~ ]%W /G ~ 10*2 GeV*, the broken electroweak symmetry
is restored and ppw vanishes. Therefore, the cosmological constant cannot be Planckian because a
Planckian cosmological constant corresponding to the Planckian Gibbons-Hawking temperature
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would restore the broken symmetries at all energy scales. As a result, the vacuum energy would be
driven back to zero, providing a possible connection to the UV /IR mixing.
On the other hand, the usual vacuum stress-energy tensor T, takes the form

Tyv = —Pvac8uvs (12)

where pyqc is the total vacuum energy density and g, is the metric tensor. If we assume that the
cosmological constant’s effect is entirely due to the vacuum energy-momentum tensor, we have
Pvac = A/87G. The vacuum energy vanishes when the acceleration exceeds the critical value as
seen from the point of view of an accelerating observer. This means that the vacuum stress-energy
tensor can be reduced to zero through coordinate transformations. Thus, the usual vacuum stress-
energy tensor fails to satisfy the transformation properties of a tensor. The key theoretical insight
of the Unruh effect is that the very existence of the vacuum state is observer-dependent rather than
fundamental. Since A is a constant independent of the observer, it would however probably be a
mistake to construct the vacuum stress-energy tensor using vacuum energy derived from quantum
fluctuations and symmetry breaking. Although the mass arising from the interaction between the
particle and the Higgs field depends on the acceleration and vanishes for enough accelerated observers,
we may extract the covariant part of the mass arising from other interactions, such as electromagnetic
interactions (electromagnetic mass). From Equation (10), we can infer that only the self-energy of
elementary particles contributes to the vacuum energy density. Therefore, for a hypothetical covariant
theory of quantum gravity, we may be able to compute and construct the true vacuum stress-energy
tensor that is invariant for all observers based on self-energy.

3. Conclusions

In this work, I investigate the vacuum energy based on quantum field theory. The vacuum
energy becomes zero for enough accelerated observers. Here, I calculate the vacuum energy density
arising from symmetry breaking at the tree level. If quantum corrections are considered, one only
needs to replace it with the Coleman-Weinberg effective potential [14]. However, the result is the
same because quantum corrections also depend on acceleration. It turns out that only the self-energy
of elementary particles contributes to the vacuum energy density and the theoretical value of the
cosmological constant gets significantly reduced. Although this still does not resolve the cosmological
constant problem, as we cannot directly calculate the finite self-energy of all elementary particles
and determine whether it matches the observed cosmological constant value. According to Pauli’s
conjecture, the ultraviolet divergences of quantum field theory might be removed in a theory in which
gravity is quantized [15]. Thus, a correct calculation of the cosmological constant may rely on a theory
of quantum gravity. Furthermore, we cannot determine whether neutrinos contribute to the ZPE
since the origin of neutrino masses likely involves new physics beyond the Standard Model Higgs
mechanism.
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